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Preface

The GaN-based materials system has provided over a decade of surprises,
from the initial breakthroughs with visible light-emitting diodes (LEDs) to
laser diodes, solar-blind ultraviolet (UV) detectors to microwave power
electronics and then to solid-state UV light sources and white lighting.
Even recently, the bandgap of InN was determined to be closer to 0.7 eV
rather than the value of 1.9 eV accepted for many years.  The areas men-
tioned above have been extensively covered in other books and in the lit-
erature.  The purpose of this volume is to cover some of the newer areas of
research and development for GaN, such as sensors, megawatt electronics,
and gate dielectrics for transistors and spin-transport electronics (or spin-
tronics), along with advances in processing of the material. GaN-based
visible LEDs and laser diodes are already commercialized for a variety of
lighting and data storage applications.  This materials system is also
showing promise for microwave and high-power electronics intended for
radar, satellite, wireless base stations, and utility grid applications, for
biological detection systems, and for a new class of spintronics in which
the spin of charge carriers is exploited.  The explosive increase in interest
in the AlGaInN family of materials in recent years has been fueled by the
application of blue–green–UV LEDs in full-color displays, traffic lights,
automotive lighting, and general room lighting using so-called white LEDs
[1].  In addition, blue–green laser diodes can be used in high storage-
capacity digital versatile disks (DVDs) systems.  AlGaN-based photode-
tectors are also useful for solar-blind UV detection and have applications
as flame sensors for control of gas turbines or for detection of missiles.
There are currently major development programs in the United States for
three newer applications for GaN-based materials and devices, namely:

i. UV optical sources capable of operation down to 280 nm for use
in airborne chemical and biological sensing systems, allowing di-
rect multi-wavelength spectroscopic identification and monitoring
of UV-induced reactions.

ii. Power amplifiers and monolithic microwave integrated circuits
(MMICs) for use in high-performance radar units and wireless
broadband communication links and ultra-high-power (>1 MW)
switches for control of distribution on electricity grid networks.
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iii. Room-temperature, ferromagnetic semiconductors for use in elec-
trically controlled magnetic sensors and actuators, high-density,
ultra-low-power memory and logic, spin-polarized light emitters
for optical encoding, advanced optical switches and modulators,
and devices with integrated magnetic, electronic, and optical func-
tionality. There is currently a lot of interest in the science and po-
tential technological applications of spintronics, in which the spin
of charge carriers (electrons or holes) is exploited to provide new
functionality for microelectronic devices.  The phenomena of giant
magnetoresistance and tunnelling magnetoresistance have been
exploited in all-metal or metal–insulator–metal magnetic systems
for read/write heads in computer hard drives, magnetic sensors,
and magnetic random access memories. The development of mag-
netic semiconductors with practical ordering temperatures could
lead to new classes of device and circuits, including spin transis-
tors, ultra-dense non-volatile semiconductor memory, and optical
emitters with polarized output.

     In addition, there is increasing interest in use of GaN-based structures
for increasing the sensitivity, selectivity, and reliability of sensor devices
while keeping their fabrication at low cost.  There is still a lack of funda-
mental understanding of the physical/chemical/biological phenomena at
the origin of the sensing mechanism in most cases.  The GaN has potential
for chemical sensors and field effect transistor (FET) devices, magnetic
sensors, radiation sensors, acoustic sensors, mechanical sensors, and bio-
sensors.
       It is hoped that this volume will prove useful to researchers entering
these new areas.
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1 Advanced Processing of Gallium Nitride for
Electronic Devices

1.1 Abstract

This chapter focuses on understanding and optimization of several key as-
pects of GaN device processing. For example, to activate ion-implanted
dopants it is necessary to preserve the surface during the required high
temperature anneal. A novel rapid thermal processing up to 1500°C, in
conjunction with AlN encapsulation, is capable of activating high dose im-
plants, although for most applications an anneal temperature of 1100–
1150°C is sufficient to achieve reasonable activation.  The activation
processes of implanted Si or Group VI donors and common acceptors in
GaN by using this ultrahigh temperature annealing, along with its effects
on surface degradation, dopant redistribution and damage removal are
discussed. 1400°C has proven to be the optimum temperature to achieve
high activation efficiency and to repair the ion-induced lattice defects. Ion
implantation can also be employed to create high resistivity GaN.
Damage-related isolation with sheet resistances of 1012 Ω/  in n-GaN and
1010 Ω/  in p-GaN have been achieved by implanting O and transition
metal elements. Effects of surface cleanliness on characteristics of GaN
Schottky contacts have been investigated, and the reduction in barrier
height was correlated with removing the native oxide that forms an
insulating layer on the conventionally cleaned surface. W alloys have been
deposited on Si-implanted samples and Mg-doped epilayers to achieve
ohmic contacts with low resistance and better thermal stability than the
existing non-refractory contact schemes. Dry etching damage in GaN has
been studied systematically using Schottky diode measurements. Wet
chemical etching and thermal annealing processes have been developed to
restore the ion-degraded material properties.
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2     Advanced Processing of Gallium Nitride for Electronic Devices

1.2 Introduction

For the last three decades or so, the III–V semiconductor material system
has been viewed as highly promising for semiconductor device applica-
tions at blue and UV wavelengths in much the same manner that its highly
successful As-based and P-based counterparts have been exploited for in-
frared, red and yellow wavelengths. As members of the III–V nitrides
family, AlN, GaN, InN and their alloys are all wide band-gap materials,
and can crystallize in both wurtzite and zincblende polytypes. Wurtzite
GaN, AlN and InN have direct room-temperature bandgaps of 3.4 eV, 6.2
eV and 1.9 eV, respectively (Figure 1.1). In cubic form, GaN and InN have
direct bandgaps, while AlN is indirect. In view of the available wide range
of direct bandgaps, GaN alloyed with AlN and InN may span a continuous
range of direct bandgap energies throughout much of the visible spectrum
well into the UV wavelengths.  This makes the nitride system attractive
for optoelectronic device applications, such as LEDs, laser (LDs), and
detectors, which are active in the green, blue or UV wavelengths.[1] Al-
though similar applications based on InGaAlP heterostructures have

Figure 1.1. Bandgap of hexagonal (α-phase) and cubic (β-phase) InN, GaN, and AlN and
their alloys versus lattice constant a0
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1.2 Introduction      3

been successfully demonstrated, this material system is limited to about
550 nm.  The addition of III–V nitrides to the family of device-quality
semiconductors is essential for developing full-color displays (Figure 1.2)
and coherent sources for high-density optical storage technologies, and
very likely devices for signal and illumination application.  In particular,
the combination of GaN-based blue and green LEDs with GaAs-based red
LEDs forms the basis for large-scale full displays and white light illumi-
nation.  The solid-state white light source generated by mixing the primary
colors in a light scrambling configuration would provide not only com-
pactness and high lifetime, but also would reduce power consumption by
80–90% compared with incandescent or fluorescent light sources.

Figure 1.2. The various ternary and quaternary materials used for LEDs with the wave-
length ranges indicated

Another area gaining a lot of attention for III–V nitrides is high tem-
perature/high power electronics.[2]  The interest stems from two intrinsic
properties of this group of semiconductors. The first is their wide bandgap
nature. The wide bandgap materials, such as GaN and SiC, are promising
for high temperature applications because they go intrinsic at much higher
temperatures than materials like Ge, Si and GaAs.  This means that GaN
power devices can operate with less cooling and fewer high-cost process-
ing steps associated with complicated structures designed to maximize heat
extraction.  The second attractive property of III–V nitrides is that they
have high breakdown fields.  The critical electric field of the breakdown
scales roughly with the square of the energy band gap, and is estimated to
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4     Advanced Processing of Gallium Nitride for Electronic Devices

be >4 MV/cm for GaN,[3] compared with 0.2 MV/cm and 0.4 MV/cm for
Si and GaAs respectively.  Figure 1.3 is a plot of avalanche and punch-
through breakdown of GaN Schottky diodes calculated as a function of
doping concentration and standoff layer thickness. It can be seen that a 20
kV device may be obtained with an ~100 μm thickness GaN layer with
doping concentration <1015 cm–3.

Figure 1.3. Calculated breakdown voltage as a function of doping concentration and thick-
ness of the drift region in GaN M–n––n+ diodes

GaN also has excellent electron transport properties, including good
mobility, and high saturated drift velocity, as shown in Figure 1.4.[4]  This
makes it adequate for general electronics, and particularly promising for
microwave rectifiers, particularly.  The material properties associated with
high temperature, high power, and high frequency application of GaN and
several conventional semiconductors are summarized in Table 1.1.  It is
anticipated that GaN may eventually prove to be superior to SiC in this
area.
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Figure 1.4. Electron drift velocity at 300 K in GaN, SiC, Si and GaAs computed using the
Monte Carlo technique

The strongest feature of the III–V nitrides compared with  SiC is the
heterostructure technology it can support.  Quantum well, modulation-
doped hetero-interface, and heterojunction structures can all be made in
this system, giving access to new spectral regions for optical devices and
new operation regimes for electronic devices.  From this point of view, III–
V nitrides can be considered the wide band-gap equivalent of the AlGaAs–
InGaAs system, which has set the modern benchmark for microwave de-
vice performance.

Other advantageous properties of III–V nitrides include high mechanical
and thermal stability, large piezoelectric constants and the possibility of
passivation by forming thin layers of Ga2O3 or Al2O3 with band gaps of 4.3
eV and 9.2 eV respectively. In addition, AlN has received considerable at-
tention for its insulating property,[5] particularly as a potential isoelec-
tronic insulator for GaAs FETs.
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Table 1.1. Comparison of 300 K semiconductor material properties

Property Si GaAs 4H-SiC GaN
Bandgap Eg (eV) 1.12 1.42 3.25 3.25
Breakdown field EB (MV/cm) 0.25 0.4 3.0 3.0
Electron mobility μ (cm2/V⋅s) 1350 6000 800 800
Maximum velocity νs (107 cm/s) 1.0 2.0 2.0 2.0

Thermal conductivity χ (W/cm⋅K) 1.5 0.5 4.9 4.9
Dielectric constant ε 11.8 12.8 9.7 9.7
CFOM = χεμνsEB

2/(χεμνsEB
2)Si 1 8 458 458

(CFOM=Combined figure of merit for high temperature/high power/high frequency appli-
cations)

Substantial research on III–V nitrides growth was initiated in the early
1960s. However, they have trailed way behind the easier-to-grow Si and
GaAs semiconductors on the development curve. Nearly 30 years later, Si
and GaAs have been pushed to their theoretical limits, while nitrides are
just beginning to show their promise. The technological spin-offs came
late because ideal substrates could not be found and the consequent growth
of GaN thin films contained substantial concentrations of defects and had
high n-type backgrounds. Even in films having relatively small back-
ground electron concentration, p-type doping could not be achieved until
recently.

One particular difficulty in the growth of GaN thin films is the unavail-
ability of sufficiently large (>1 cm) single crystals for use as substrate for
homoepitaxial growth.  Thus, up to now, heteroepitaxial growth has been a
practical necessity and the choice of substrate is critical.  Possible substrate
materials should have low thermal expansion and lattice mismatch with the
crystals grown.  Also, they should be unaffected by the growth chemistries
(such as NH3 or H2) at high growth temperatures (in excess of 1000oC in
some cases).  Under these presuppositions, sapphire and SiC are the most
popular substrate materials used currently.  When hexagonal GaN is grown
on the (0001) basal plane of Al2O3, a lattice misfit of ~13% at the growth
temperatures can generate a high density of dislocations and defects in the
thin film.  In the practical case, a large part of the misfit is relaxed through
three-dimensional (3D) island growth.  The residual strain is comparable to
the lattice misfit between 6H-SiC and GaN, and the result is that compara-
ble dislocation densities are observed.[6]  Today, SiC substrates, though
more costly, are of increasing interest for high temperature, high power
devices like transistors due to their good thermal conductivity and possi-
bility of n- and p-type doping.  The materials with a close lattice match
with GaN, such as LiAlO2 [7] and LiGaO2 [8], were also used for epitaxial
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1.2 Introduction      7

substrates. However, the GaN grown lacked the desired electronic proper-
ties due to either the rough growth or unintentional contamination from the
substrates. The ideal candidate substrate is clearly a GaN wafer. Several
research groups are investigating the growth of the bulk GaN crystals and
very thick films through various techniques.[9–11]  However, commer-
cially available large-area GaN wafers appear to be several years away.
The nitride community is, therefore, challenged with growth of heteroepi-
taxial films.

Many epitaxial thin film growth processes have been developed, in-
cluding molecular beam epitaxy (MBE),[12,13] hydride vapor phase epi-
taxy (HVPE),[9–11,14] metalorganic chemical vapor deposition
(MOCVD),[15–20] and derivatives of these methods.  In the past few
years, MOCVD has evolved into a leading technique for production of III–
V-nitride optoelectronic and microelectronic devices.  One remarkable ap-
plication worthy mention is the achievement of super-bright blue
LEDs.[18]  Characteristics of this method include the use of high purity
chemical sources, a high degree of composition control and uniformity,
high growth rates, large-scale manufacturing potential and the ability to
grow abrupt junctions.

Initially, the growth of GaN was performed directly on sapphire and SiC
substrate, with large crystalline defects threading vertically from the sub-
strate interface through the newly deposited thin film.  The wafer usually
had rough surfaces, mainly caused by the 3D growth mode. In 1986,
Amano et al.[16] succeeded in remarkably improving the GaN surface
morphology, as well as the electrical and optical properties, by deposition
of a thin low-temperature AlN buffer layer prior to the high temperature
growth of GaN.  The essential role of this buffer is both to supply nuclea-
tion and promote lateral growth of the GaN film due to the decrease in in-
terfacial free energy between the film and the substrate.  Although the
buffer layer has reduced the effects of the lattice mismatch, the densities of
the threading defects in these thin films are still in the range of 109–1010

cm–2, and on the order of one million times higher than in other semicon-
ductor systems.  These defect-laden materials, to date, have had a surpris-
ingly small effect on the performance of both optical and electronic de-
vices, but they may raise major questions as to the long-term stability of
these devices.  It is unlikely that the full promise of GaN and related alloys
can be realized without a major reduction in the defect densities in the as-
grown materials.

In 1994, the lateral epitaxial overgrowth (LEO) technique was employed
to further improve the quality of the heteroepitaxially grown GaN by a
marked reduction in defect density.[19]  In this method, a layer of GaN
grown by MOCVD is covered with 100–200 nm of amorphous SiO2 and
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Si3N4 with ex situ techniques.  Small circular or rectangular "windows" are
then etched through to the underlying GaN.  A GaN film is subsequently
regrown under conditions such that growth occurs epitaxially only in the
windows and not on the mask.  If growth continues, then lateral growth
over the mask eventually occurs.  Since most of the extended dislocations
propagate in the growth direction through GaN, very few threading dislo-
cations are visible in the regrown GaN that extends laterally over the mask.
Marchand et al.[20] observed that the density of dislocation reaching the
surface of LEO GaN was in the 104–105 cm–2 range, while the film over the
window regions still contained high levels of the threading defects.  Figure
1.5 compares the cross-section transmission electron microscopy (TEM) of
a typical MOCVD growth and LEO GaN.

Figure 1.5. Cross-section TEM of typical MOCVD-grown GaN using an AlN buffer layer
on SiC (left) and typical LEO GaN (right) (after Ref. [20])

A refined approach to a nearly dislocation-free GaN substrate for de-
vices can be employed by two successive LEO steps with the mask of the
second step positioned over the opening defined by the mask of the first
step, thus blocking the defects that have grown out of the first windows.
This complicated procedure offers the possibility of eliminating the disad-
vantages of heteroepitaxy, and will be important until GaN substrates be-
come available.

In addition to growing GaN films with low defect densities, another key
requirement for fabricating devices is the ability to control the desired
electrical properties of the thin film precisely.  In general, wide bandgap
semiconductors are difficult to dope due to native defects.  When the en-
thalpy for defect formation is lower than the band gap energy, the prob-
ability of generating a defect increases with the bandgap, i.e. the energy
released by a donor-to-acceptor transition.  Particularly for GaN,
MOCVD-grown material is commonly n-type conductive, and N-vacancy
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was long believed to be the dominant donor.  Many attempts have been
made to avoid N-vacancy formation by growing GaN at high pressures and
high temperatures.[21,22]  Efficient n-type doping of GaN through incor-
poration of Si during the growth proved relatively easy to achieve.  Highly
doping can also be created by implantation of Si or Group VI donors. Re-
cently, Burm et al.[23] have shown a shallow Si implant at high dose to
produce a doping density of 4×1020 cm–3, resulted in an extremely low oh-
mic contact resistance of 4×10–8 Ω⋅cm2 using Ti–Au contacts.

Since conductivity is proportional to the product of carrier concentration
and Hall mobility, another goal for GaN used in device applications is to
obtain the highest Hall mobilities possible.  Figure 1.6 summarizes the
measured electron mobility in n-type GaN, along with the results obtained
from Monte Carlo simulation.[24,25]  As can be seen, the experimental
data is roughly half of the calculated value, possibly due to significant
scattering from impurities and defects in the state-of-the-art materials.

The III–V nitrides are expected to be made p-type by inserting column
II elements such as Zn, Mg Be and Ca substitutionally for Ga to form sin-
gle acceptors.  However, all of these divalent elements form deep accep-
tors, the shallowest being Mg with an ionization level of 0.17 eV, which is
still many kT above the valence band edge of GaN.[26]  At this acceptor
level, one should only expect <10% of the Mg atoms to be ionized at room
temperature, which means the Mg concentration needs to be approximately
two orders of magnitude larger than the desired hole concentration.  When
MOCVD is used as the growth method, it has been difficult to obtain p-
type conductivity.  It was later found that hydrogen plays a crucial role in
passivating the Mg acceptors, and creates a neutral complex Mg–H that
prevents the formation of holes in GaN.[27] It was first shown by Amano
et al.[28] that p-type conductivity can be achieved by activating Mg-doped
GaN using low-energy electron irradiation.  Nakamura et al. demonstrated
subsequently that the activation of Mg can also be realized by thermal an-
nealing at ~700oC.[29]  Note that MBE-grown GaN doped with Mg may
be p-type without a thermal activation process, because of the absence of
hydrogen and H–N radicals during growth.  In addition, p-type doping was
also achieved by implanting Ca or Mg into GaN, followed by high tem-
perature annealing (~1100oC).[30,31]  The highest hole concentration re-
ported so far is ~1018 cm–3, and the typical hole mobility is very low, often
10 cm2⋅V–1⋅s–1 or below, but allowing the realization of p–n junctions.
Achieving low resistance ohmic contacts to the GaN layers with poor p-
type doping concentrations has proved to be troublesome.  Recently,
Brandt et al.[32] found that by compensating Be with O a neutral dipole is
formed that does not scatter the holes.  Hence, a record high hole mobility
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of 150 cm2⋅V–1⋅s–1 was obtained.  This may be the ideal contact layer for
GaN-based devices.

Figure 1.6. A survey of 300 K GaN electron Hall mobility values as reported by various
groups. The solid line shows the calculated results for uncompensated n-GaN  (after Ref.
[24, 25])

The current level of the progress in the development of GaN commer-
cially viable devices, namely GaN-based LEDs, LDs and UV detectors,
has been the direct result of the realization of high quality crystals of GaN,
AlGaN, InGaN, and the relatively recent achievement of p-type conduction
in GaN.  The first p–n junction LED was demonstrated by Amano et
al.[28] in 1989.  Following this , Nichia Chemical Industries announced
the commercial availability of blue LEDs with high efficiency and lumi-
nous intensities over 1 cd.[18]  In the subsequent years, high-brightness
single quantum-well-structure blue, green, and yellow InGaN LEDs with
luminous intensities above 10 cd have been commercialized.[33,34]  In
1996, Nakamura et al.[35] reported the first current-injection GaN-based
LDs with separate confinement heterostructure, and subsequently achieved
continuous-wave (CW) lasing at room temperature.[36]  Figure 1.7 sche-
matically shows the cross-section of the nitride-based laser diode.  The ac-
tive layer is an InGaN multiquantum well with a large number of well lay-
ers. GaN and AlGaN were used as the waveguide and cladding layers
respectively. The mirror facet was formed by numerous methods, includ-
ing dry etching, polishing or cleaving.
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Figure 1.7. Cross-sectional view of a typical structure of GaN-based LD

Surprisingly, the high-density dislocations resulting from the heteroepi-
taxial growth on sapphire in these optical devices did not appear to be effi-
cient nonradiative centers, as they are in other III–V materials.  However,
the crystalline defects do affect the device reliability. Nichia employed the
LEO growth technique for their blue LDs and achieved an increase in de-
vice lifetime from a few hundred hours to an estimated 10,000 h.[37]  An-
other major problem limiting diode performance is high specific contact
resistance of the ohmic contact on the p-GaN side of the junction.  Present
lateral GaN lasers suffer significant IR drops due to poor p-type doping
and ohmic metallization.

The nitride material growth technology that supports the optical device
efforts has also proven to be compatible with the development of elec-
tronic devices.  In the past several years, the electronic device development
has emphasized FET structures, because this important class of devices
puts smaller demands on the growth and fabrication technique compared
with bipolar transistors.  The rapid progress that has been made, especially
in modulation-doped FETs (MODFETs), has been sufficient to show that
GaN and related alloys will play a significant role in the future develop-
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ment of high temperature, high power, and high frequency electronic de-
vices.[38–41]

Figure 1.8 presents a schematic representation of a GaN–AlGaN heter-
ostructure.  Owing to the large conduction band discontinuity, the electrons
diffusing from the large bandgap AlGaN into the smaller bandgap GaN
form a two-dimensional (2D) electron gas (2DEG) in the triangle quantum
well at the interface, which is the hallmark of a MODFET.  The sheet car-
rier density of the 2DEG was found to be further enhanced by the strong
pizeoelectronic effect in GaN. Pizeoelectronic coefficients in nitrides were
measured to be about an order of magnitude higher than in traditional
Group III–V semiconductors.[42]  Theoretical simulations have predicted
a high peak electron velocity of ~3×107 cm/s [25] and an electron mobility
of ~2000 cm2⋅V–1⋅s–1 in the GaN channel at room temperature at a carrier
concentration of 1017  cm–3.[43]  Gaska et al.[4] showed that the highest
measured Hall mobility at room temperature was 2019 cm2⋅V–1⋅s–1, and this
increased approximately fivefold to 10,250 cm2⋅V–1⋅s–1 below 10 K for
growth on 6H-SiC substrate.

Figure 1.8. Conduction band structure of a modulation-doped structure

In 1993, Khan et al.[38] demonstrated the first AlGaN–GaN MODFET,
with a gm of 23 ms/mm and 2DEG mobility of 563 cm2⋅V–1⋅s–1 at 300 K.
They also reported the first microwave results, with ft of 11 GHz and fmax of
14 GHz.[39]  In the early stages, the MODFETs exhibited very low
transconductances and relatively poor frequency response.  This is consis-
tent with the defect-laden nature of the early GaN and AlGaN layers.  With
improvements in the materials quality, the transconductance, current ca-
pacity, and drain breakdown voltage are all increased to the point that
GaN-based MODFETs are now strong contenders in the arena of high
power devices/amplifiers.  To date, the highest power density achieved for
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a 0.45×125 μm2 GaN MODFET is 6.8 W/mm at 10 GHz and associated
gain of 10.65 dB.[40]  The operation temperature has been pushed to
750oC by employing a thermally stable Pt–Au gate contact.[41]

The published performances of epitaxial GaN-based Metal Semicon-
ductor Field reflect Transistor (MESFETs) demonstrate that all the re-
quired components for a MESFET-based technology are in place,[44,45]
i.e. an appropriate high resistivity buffer–substrate combination has been
developed for doped-layer epitaxial growth, FET channels can be grown
with thin n+ contact layers on which ohmic contact with adequate contact
resistances have been achieved, gate metalizations which can pitchoff the
channel and support a high drain bias have been demonstrated, and it has
shown that both mesa etch and implant isolation can be used to define the
active device area. Recently, an all implanted GaN junction FET,[46] an
Si3N4-gated GaN Metal Insulator Semiconductor Field reflect Transistor
(MISFET),[47] and a Ga2O3(Gd2O4) gated GaN MOSFET [48] with rea-
sonable performance were also reported. These types of devices potentially
have advantage over MESFET, especially at high temperatures due to low
reverse leakage currents.

So far, there are only several reports of development of GaN-based bi-
polar transistors.[49,50]  Basically, the device performance is limited by
the difficulty in growth and processing related to the buried p-type layer
and the small minority carrier lifetime.  Commercialization of these de-
vices, is still far away but their developments will follow the material im-
provements in the new decade, and much impetus comes from defense ap-
plications where ultrawide bandwidth and linearity are desired.

Group III–V nitrides offer a valuable combination of electrical, optical
and pizeoelectrical behavior, and enable the fabrication of LEDs, LDs,
detectors, and transistors.  In the past, the poor quality of the materials, the
lack of p-type doping, and the absence of reliable processing procedures
thwarted engineers and scientists from fabricating these useful devices.
However, the 1990s have brought significant advances in the sophistica-
tion of growth techniques, the purity of the chemicals used for film depo-
sition, the controlled introduction and activation of selected impurities, and
progress in processing techniques.  Most of the aforementioned obstacles
have been sufficiently overcome, and the electronic and optical devices
have been demonstrated and partially commercialized.  Market projections
show that GaN-based blue and green LEDs will represent the majority of
the estimated $3 billion per year GaN-based device market by 2006. In
transistors, GaN can go where no other semiconductors have gone before.
The future development in this area will definitely be fueled by the in-
creasing demand for high temperature, high power applications.  From
materials science to device engineering, from laboratory research to com-
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mercial products, III–V nitride technologies have shown a late but exciting
blooming.

While further improvements in the III–V nitride materials quality can be
expected to enhance device operation, further device advances will also
require improved processing technology.  Owing to their wide bandgap
nature and chemical stability, GaN and related materials present a host of
device processing challenges, including poor p-type doping (by implanta-
tion), difficulty in achieving reliable low-resistance p-ohmic contacts, high
temperatures needed for implant activation, lack of efficient wet etch proc-
ess, generally low dry etch rates and low selectivity over etching masks,
and dry etch damage.  These problems constitute a major obstacle to suc-
cessful demonstration and commercialization of some GaN-based devices,
such as bipolar transistors and power switches, whose performance is af-
fected much more by the immature fabrication techniques.  To fully exploit
these device applications, a number of critical advances are necessary in
the areas of implantation doping and isolation, high temperature thermal
processing, ohmic contact to p-type material, dry etching process, and de-
vice passivation.

Ion implantation is an enabling technology for creating selective-area
doping and forming high-resistance regions in device structures.  For the
development of ion implantation doping for advanced GaN-based elec-
tronics, it is important to understand the dopant activation process, and im-
plantation-induced damage generation and removal.  Recent studies have
showed that quite good activation efficiency can be obtained by annealing
at 1100°C, [30,51] but implantation damage cannot be significantly re-
moved at this temperature.  Annealing at temperatures >1300oC is sug-
gested to fully remove the damage and further optimize the transport prop-
erties of implanted regions in GaN.[51]  Since these temperatures are
beyond the capability of most rapid thermal annealing systems, new an-
nealing apparatus must be developed.  Consequently, there is an urgent
need to carry out detailed studies on the dopant activation, impurity redis-
tribution, defect removal, and surface degradation at these elevated tem-
peratures.  Efficient surface protection must be developed to prevent mate-
rial decomposition and N2 loss from the GaN surfaces.

Ion implantation is also attractive for inter-device isolation and produc-
ing current guiding.  Efficient compensation has been achieved in the GaN
materials by using N or He implantation.[30,52]  However, the isolation is
not stable at high temperatures, i.e. typical implant damage compensation.
Implantation in In-containing III–V nitrides has shown that InGaN, as used
in LEDs, laser cavities, or transistor channels, is difficult to render highly
resistive.[53]  The defect level is usually high in the energy gap, not near
midgap, as is ideal for implant isolation.  There is a strong need for an un-
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derstanding of the implant isolation process and mechanism in III–V nitride
materials because of the emerging applications for high temperature, high
power electronics based on this material system.  In particular, attempts
need to be made to explore thermally stable implant isolation in GaN, and
significant compensation must be achieved in the In-containing nitrides.

Considerable progress in the development of contacts to GaN has been
made in the past several years.[54]  Nevertheless, it is necessary still to
improve upon the electrical performance of these contacts, particularly to
achieve low contact resistances to p-GaN, and to develop contacts with
greater thermal stability, which is critical for high current density devices.
It has proven challenging to obtained acceptable low specific contact re-
sistances on p-GaN. Values ≤10–5 Ω⋅cm2 would be desirable in general for
electronics, but more typical numbers are 10–1–10–3 Ω⋅cm2.  The high con-
tact resistances can be attributed to several factors, including: (1) The ab-
sence of a metal with a sufficiently high work function (the bandgap of
GaN is 3.4 eV, and the electron affinity is 4.1 eV, but metal work functions
are typically ≤5 eV). (2) The relatively low hole concentrations in p-GaN
due to the deep ionization level of the Mg acceptor (~170 meV). (3) The
tendency for the preferential loss of nitrogen from the GaN surface during
processing, which may produce surface conversion to n-type conductivity.
In order to lower the contact resistances to p-GaN further, it will be neces-
sary to further increase p-type conductivity or to lower the barrier height of
the metal contacts, perhaps by growing a more readily contacted composi-
tionally graded semiconductor alloy on the p-GaN.

The thermal stability of the contacts is also noteworthy.  Annealing at
~700oC resulted in interfacial reaction, along with serious morphological
degradation of the conventional Ti-based or Ni-based contacts.[55,56]  In
the case of contact to p-GaN, the metalization will heat up as current flows
across the interface due to the high series resistance, leading to metal mi-
gration down threading dislocations and eventual shorting of the devices.
Thermally stable Schottky contacts are also required for power amplifiers
and optoelectronics that operate at high temperatures, but the electrical
characteristics of the metal–n-GaN diodes have been reported to suffer
degradation upon exposure to temperatures as low as 300oC (Pd),[57]
400oC (Pt),[58] 575oC (Au)[59] and 600oC (Ni).[54]

Furthermore, there is a large scatter in the measured results of Schottky
barrier height (SBH) and the ohmic contact resistance, suggesting that our
understanding of the interface reactions, surface preparation, and non-
idealities associated with the metal–GaN contacts is far from complete.

Dry etching has become the dominant patterning technique for the
Group III nitrides due to the shortcomings in wet chemical etching.  The
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etch rates in reactive ion etch (RIE) systems are generally low.[60]  High
density plasma etching, i.e. inductively coupled plasma (ICP)[61,62] and
electron cyclotron resonance (ECR)[63] etching have been developed in a
variety of chlorine- and methane-based chemistries.  The etch rates of GaN
were reported as high as 9800 Å/min in a Cl2–H2–Ar mixture.[62]  How-
ever, surface roughening, N depletion, and degradation in electrical and
optical properties were observed.  Some device etching applications, such
as gate recessing for FETs and base mesa formation for Hetrojunction Bi-
polar Transistors (HBTs), can be particularly susceptible to ion-induced
damage. In order to minimize the deleterious effects of energetic ions dur-
ing dry etching, it will be necessary to develop effective low-damage
etching processes that utilize ion energies well below 100 eV.  At this
point, it is also important to determine the nature of the plasma-induced
damage in GaN, and to explore the procedures for damage removal.

GaN-based amplifiers and switches are attractive for high power appli-
cations in hostile environments.  Reliable edge termination and passivation
processes are critical to fully exploit these types of devices.  There is not
much work to date in this area. In addition, as discussed earlier, thermally
stable doping, isolation, and metal contacts are all key issues for these spe-
cial applications.

1.3 Results and Discussion

1.3.1 Ultra-High-Temperature Activation of Implant Doping in
Gallium Nitride

Ion implantation is an enabling technology for selected-area doping or
isolation of advanced semiconductor devices. Implantation of donors at
high doses can be used to decrease source and drain access resistance in
FETs, at lower doses to create channel regions for FETs, while sequential
implantation of both acceptors and donors may be used to fabricate p–n
junctions.  In addition, ion implantation is a suitable technological tool to
explore doping, compensation effects, and redistribution properties of the
potential dopant species.

The first work on implantation in GaN was performed by Pankove and
Hutchby  in the earlier 1970s.[64]  They reported primarily on the photo-
luminescence properties of a large array of implanted impurities in GaN.
The work was successful in identifying Mg as the shallowest acceptor
found to date for GaN.  In 1995, Pearton et al.[30] achieved electrically
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active n- and p-type dopants in GaN by implantation of Si and Mg respec-
tively.  Subsequently, implanted O was also shown to be a donor and im-
planted Ca an acceptor in GaN.[31]  Two different GaN-based device
structures have been demonstrated using implant doping, namely a junc-
tion FET [46] and a planar homojunction LED.[65]

Tan et al.[66] have observed that low dose (≤5 ×1014 cm–2) implants in
GaN anneal poorly up to 1100°C, leaving a coarse network of extended de-
fects, while high dose (≥2×1015 cm–2) implants may lead to amorphization.
Amorphous layers recrystallize in the range 800–1000°C to form defective
polycrystalline material.  Quite good activation efficiencies have been ob-
tained for n-type implanted dopants in spite of high residual dam-
age.[30,51]  It is also clear that annealing temperatures above 1300°C are
desirable for optimal electrical properties in the implanted layers.[51]  At
these temperatures, the equilibrium N2 pressure over GaN is very high;
thus, surface protection is necessary to prevent dissociation of the GaN.
The most effective and convenient approach is use of an AlN encapsulant
that can be removed selectively in KOH after annealing.  This technique is
attractive for processing of GaN devices in a conventional fabrication-line
environment, without the need for specialized high-pressure furnaces.

In this section we first introduce a novel rapid thermal processing (RTP)
up to 1500oC to the GaN material system, used in conjunction with AlN
cap layers.  The high temperature activation characteristics of implanted Si
and Group VI donors are then examined.  The activation of Mg, Be and C
for p-type doping has also been investigated, along with the redistribution
of all these species in GaN.  Finally, the effectiveness of the new RTP for
removing lattice damage in implanted GaN was studied by TEM.

1.3.1.1 High-Temperature Annealing and Aluminum Nitride
Encapsulation

In the development of advanced electronic devices, the technology of RTP
plays a critical role at numerous points, such as implant activation of
dopant species, implantation-induced damage removal, alloying of ohmic
contacts, maximization of sheet resistance in implant isolation regions, etc.
The existing commercial RTP equipment typically relies on a series of
tungsten–halogen lamps as heat sources to rapidly heat up the semicon-
ductor wafers, and only has modest temperature capacity (<1100oC), pri-
marily because of the point-like nature of the sources and large thermal
mass of the systems.  Recent interest in developing wide bandgap com-
pound semiconductors such as SiC and GaN has pushed the processing
temperature requirements to much higher values (up to 1500oC).
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To realize higher temperature capacity, novel molybdenum intermetallic
composite heat sources have been employed, which may be used in air at
temperatures up to 1900oC.  These heaters have high emissivity (up to 0.9)
and allow heat-up times of the order of seconds and heat fluxes up to 100
W/cm2.  The ZapperTM unit relies on wafer movement (in/out of the fur-
nace horizontally) to achieve rapid ramp-up or ramp-down rates (~50 °C /s
and 25 °C /s respectively).  Excellent temperature uniformity (≤ ±4°C over
a 9"×6" area at 1500°C), good reproducibility can be obtained. Figure 1.9
shows the typical temperature–time profiles for annealing cycles at 1400oC
and 1500°C.   To examine the thermal stability of the nitrides, a variety of
undoped GaN and AlN wafers were sealed in quartz ampoules under N2

gas, and annealed in Zapper TM unit at different time–temperature combi-
nations.  The GaN layers ~ 3 μm thick were grown at ~1050oC by
MOCVD using trimethylgallium and ammonia.  Growth was preceded by
low-temperature deposition of thin (~200 Å) AlN buffers on Al2O3 sub-
strates.  Some AlN layers were deposited by reactive sputtering of pure
AlN targets in 300 mTorr of 20% N2Ar at 400oC.  The others were grown
by metal organic MBE (MOMBE) at 750oC using dimethlamine alane and
plasma-dissociated nitrogen.[67]  The N2 pressure in the quartz ampoules
was ~15 psi.  This negative pressure was necessary to prevent blowout of
the ampoule at elevated annealing temperatures.  The samples were then
annealed at 1100–1500oC for a dwell time of ~10 s.

Figure 1.10 (top) shows scanning electron microscopy (SEM) micro-
graphs of the GaN surfaces annealed at 1200–1500°C.  The 1200°C an-
nealing does not degrade the surface, and the sample retains the same ap-
pearance as the as-grown material.  After 1300°C annealing, there is a high
density (~108 cm–2) of small hexagonal pits due to incongruent evaporation
from the surface.  The 1400°C treatment produces complete dissociation of
the GaN, and only the underlying AlN buffer survives.  Annealing at
1500°C also causes loss of this thin buffer layer, and a smooth exposed
Al2O3 substrate is evident.  The corresponding root-mean-square (RMS)
surface roughness of these samples measured by atomic force microscopy
(AFM) scans is shown in Figure 1.10 (bottom).

In sharp contrast, both the sputtered and MOMBE-grown AlN were
found to survive annealing up to 1400–1500 °C.  However, for the sput-
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Figure 1.9. Time–temperature profiles for ZapperTM RTP annealing at 1400oC and 1500oC
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Figure 1.10. SEM micrographs (top) and RMS roughness (bottom) of GaN surfaces an-
nealed at 1200–1500oC

tered materials, we often observed localized failure of the film (Figure 1.11
(top)), possibly due to residual gas (Ar or H2) agglomeration to form bub-
bles.  The surface roughness tends to go through a maximum at ~1300oC,
partially due to some initial localized bubbling, followed by the film densi-
fication at temperatures ≥1400oC, as shown in Figure 1.11 (bottom).  The
film retains its integrity even at 1450oC, and appears to be more thermally
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stable than the AlN buffer layer under the GaN (Figure 1.10).  This can be
attributed to the fact that the AlN was deposited at higher temperature
(400oC compared with 300oC for the buffer layers) and, therefore, is denser
and contains less residual entrapped gas.  For the MOMBE grown films,
the localized material failure was basically absent.

Figure 1.11. SEM micrographs (top) and RMS roughness (bottom) of AlN surfaces an-
nealed at 1150–1450oC

There is clear evidence from previous work that temperatures above
1300oC are required to completely remove implantation damage and to
achieve the optimal dopant activation in GaN. However, the above results
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show that a premium is placed on prevention of loss of nitrogen or even
surface dissociation under those conditions.  AlN encapsulation can pre-
serve the surface quality to 1500oC, which is quite promising for the high
temperature activation processes.

1.3.1.2 n-Type Implant Doping

Nominally undoped (n 5×1016 cm–3) GaN was grown on c-plane Al2O3

substrates by MOCVD.  Samples were implanted at room temperature in a
non-channeling direction with 150 keV 28Si+ ions at a dose of 5×1015 cm–2,
200 keV 32S+ and 600 keV 128Te+ ions at doses of 5×1014 cm–2 for n-type
doping.  The Si implant is a standard condition for producing very high n-
type doped regions in GaN when combined with high temperature RTA.
All samples were capped with ~1000 Å reactively sputtered AlN, and an-
nealed at 1200–1500 °C under a N2 ambient in the ZapperTM furnace for a
dwell time of ~10 s. Following annealing, the AlN was removed in aque-
ous KOH at ~80 °C, and the samples were characterized. For measurement
of the electrical properties, HgIn ohmic contacts were alloyed to the cor-
ners of 3×3 mm2 sections, and Hall effect data was recorded at 25oC in all
cases.

Figure 1.12(a) shows an Arrhenius plot of sheet carrier concentration in
Si+-implanted material.  As a comparison, the electrical results for the un-
encapsulated samples are also shown.  In these uncapped wafers, the sheet
electron density increases with annealing temperature up to 1300oC, but
this was the highest temperature we would obtain data due to loss of the
film.  By contrast, the AlN encapsulated samples show a peak in the sheet
electron density and the 300 K electron mobility (Figure 1.12(b)) at
1400°C.  The activation occurs with an activation energy of ~5.2 eV,
which we interpret as the average required to move the interstitial Si atom
to a vacant substitutional site by short-range diffusion and to simultane-
ously remove compensating point defects so that the Si is electrically ac-
tive.  Note that both the electron density and the mobility decreases at
1500°C, indicating that the material is becoming more compensated.  This
behavior is fairly typical of Si implant activation in III–V materials, and is
usually ascribed to self-compensation through Si site-switching, i.e. some
of the SiGa donors move to SiN sites, producing self-compensation.  A peak
Si activation efficiency of ~90% is obtained at 1400oC (with the ionization
level of ~30 meV, Si was fully ionized at room temperature), which corre-
sponds to a peak electron concentration of ~5×1020cm–3.  This very high
doping level can enhance emission over the barrier on metal contacts de-
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posited on the material and reduce contact resistances in GaN electronic
devices.

Figure 1.12. Sheet carrier concentration (a) and electron mobility (b) in Si-implanted GaN
after uncapped and AlN-capped annealing

There is clear evidence from previous work that temperatures above
1300oC are required to completely remove implantation damage and to
achieve the optimal dopant activation in GaN.  However, the results in
Figure 1.13(a) show an Arrhenius plot of S+ activation in GaN.  The sheet
carrier concentration measured at 25oC shows an activation energy of 3.2
eV for the annealing temperature range between 1000 and 1200°C, and the
physical origin of this energy is essentially same as that of Si implant acti-
vation. The sheet carrier concentration is basically saturated thereafter.
The maximum sheet electron density, ~7×1013 cm–2, corresponds to a peak
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volume density of ~5×1018 cm–3.  This is well below that achieved with Si+

implantation and annealing (>1020 cm–3).  Even though implanted Si+ at the
same dose showed evidence of site-switching and self-compensation, it
still produces a higher peak doping level than the non-amphoteric donor S,
which is only slightly heavier (32S vs 28Si).  From temperature-dependent
Hall measurements, we find an S+ donor ionization level of 48±10 meV, so
that the donors are fully ionized at room temperature.

Figure 1.13. Arrhenius plots of sheet electron density in S (a) and Te (b) implanted GaN as
a function of annealing temperature
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Similar data are shown in Figure 1.13(b) for Te+ implantation.  The ac-
tivation starts around the same temperature as for S, but much lower sheet
electron densities are obtained, the activation energy is significantly lower
(1.5 eV) and the carrier concentration does not saturate, even at 1400°C.  It
is likely that because of the much greater atomic weight of 128Te, even
higher annealing temperatures would be required to remove all its associ-
ated lattice damage, and that the activation characteristics are still being
dominated by this defect removal process.  Residual lattice damage from
the implantation is electrically active in all III–V semiconductors, produc-
ing either high resistance behaviors (GaAs) or residual n-type conductivity
(InP, GaN).  The only data available on Group VI doping in epitaxial ma-
terial is from Se-doped MOCVD material, where maximum electron con-
centrations of 2×1018–6×1019 cm–3 were achieved.  These are also below
the values reported for Si-doping, and suggests that the Group VI donors
do not have any advantage over Si for creation of n-type conductivity in
GaN. From limited temperature-dependent Hall data, we estimate the Te
ionization level to be 50±20 meV.

1.3.1.3 p-Type Implant Doping

Similar GaN samples were implanted with 80 keV 9Be+, 80 keV 12C+, or
150 keV 24Mg+ at doses of 3–5×1014 cm–2 for p-type doping.  Post-implant
annealing was performed at 1000–1400°C under a N2 ambient in the
ZapperTM furnace for ~10 s in conjunction with ~1000 Å AlN encapsula-
tion.

The effects of the annealing temperature on the sheet carrier concentra-
tions in Mg+ - and C+ -implanted GaN are shown in Figure 1.14.  There are
two important features of the data: first, we did not achieve p-type con-
ductivity with carbon; second, only ~1% of the Mg produces a hole at
25°C.  Carbon has been predicted previously to have a strong self-
compensation effect,[68, 69] and it has been found to produce p-type con-
ductivity only in MOMBE where its incorporation on a N-site is favor-
able.[70]   Based on an ionization level of ~170 meV, the hole density in
Mg-doped GaN would be calculated to be ~10% of the Mg acceptor con-
centration when measured at 25°C.  In our case we see an order of magni-
tude less holes than predicted.  This should be related to the existing n-type
carrier background in the material and perhaps to residual lattice damage,
which is also n-type in GaN.  At the highest annealing temperature
(1400°C), the hole density falls, which could be due to Mg coming out of
solution or to the creation of further compensating defects in the GaN.  The
results of Be implant are similar with those of C implant, i.e. remaining n-
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type after annealing, probably also due to a strong compensation effect.
This data indicates that ion implantation is not so efficient for creating p-
type conductivity in state-of-the-art GaN as epitaxial growth doping.

Figure 1.14. Sheet carrier concentrations in Mg+-and C+-implanted GaN as a function of
annealing temperature

1.3.1.4 Dopant Redistribution

Figure 1.15 shows the calculated, as-implanted Si atomic profile and the
secondary ion mass spectroscopy (SIMS) profiles of as-implanted and
1400°C annealed samples.  The calculated profile does not produce a good
match to the experimental profile, and some work will need to be done to
obtain better stopping power data for the ions in GaN.  There is little re-
distribution of the Si at 1400oC, with the diffusivity ≤10–13 cm2 ⋅s–1 calcu-
lated from the change in width at half-maximum.  This result emphasizes
the extremely stable nature of Si dopant in GaN even at very high proc-
essing temperatures.
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Figure 1.15. Calculated and experimentally measured (by SIMS) profiles of implanted Si
(150 keV, 5×1015 cm–2) in GaN

Figure 1.16 (top) shows SIMS profiles before and after 1450°C anneal-
ing of implanted S in GaN.  There is clearly no motion of the sulfur under
these conditions and the profiles are essentially coincident.  Wilson et al.
[71] reported some redistribution of implanted S after annealing at 700–
1000°C in relatively thin layers of GaN, which might have been influenced
by the high crystalline defect density in the material.  The samples in the
present experiment are much thicker and the extended defect density will
be correspondingly lower in the implanted region (~5×108 cm–2 compared
with ~1010 cm–2 in the thin samples).  The other Group VI donors, Se and
Te, have low diffusion coefficients in all compound semiconductors (e.g.
DSe=5×10–15 cm2⋅s–1 at 850°C in GaAs), and we find a similar result for
these species implanted into GaN, as shown in Figure 1.16 (bottom).
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Given the resolution of SIMS measurement (~200 Å under these condi-
tions), we can obtain the diffusivity at this temperature ≤2×10–13 cm2 ⋅s–

1using a simple 2 Dt  estimation.

Figure 1.16. SIMS profiles of S+ (top) and Te+ (bottom) implanted GaN before and after
annealing at 1450oC (the profiles are essentially coincident)
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Figure 1.17 (top) shows the SIMS profiles of implanted Mg in GaN be-
fore and after annealing at 1450°C.  Again, within the resolution of SIMS,
there is no motion of the Mg.  This is in sharp contrast to its behavior in
GaAs,[72,73] where the rapid diffusion of the Ga-site acceptors during an-
nealing can only be suppressed by co-implanting a Group V element to
create a sufficient number of vacant sites for the initially interstitial ac-
ceptor ions to occupy upon annealing.  This reduces the effective diffusiv-
ity of the acceptor and increases its electrical activation.  In addition, im-
planted Mg in GaAs often displays out-diffusion toward the surface (in
most cases up, rather than down, the concentration gradient), leading to
loss of dopant into the annealing cap.[74]  This has been suggested to be
due to non-equilibrium levels of Ga interstitials created by the implantation
process. This mechanism is clearly absent for implanted Mg in GaN.

Figure 1.17. SIMS profiles of Mg+ (top) and C+ (bottom) implanted GaN before and after
annealing at 1450oC (the profiles are essentially coincident)
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Carbon is typically a very slow diffuser in all III–V compounds, since it
strongly prefers substitutional lattice sites.[74,75] In general, carbon occu-
pies both Ga and N sites in GaN, and the material containing high concen-
trations of carbon is found to be self-compensated.  Figure 1.17 (bottom)
shows that it is also an extremely slow diffuser when implanted into GaN,
with Deff ≤2×10–13 cm⋅s–1 at 1400°C.

Figure 1.18 shows a series of profiles for 9Be before and after annealing
up to 1200°C.  Note that there is an initial broadening of the profile at
900°C, corresponding to an effective diffusivity of ~5×10–13 cm2⋅s–1 at this
temperature.  However, there is no subsequent redistribution at tempera-
tures up to 1200°C.  It appears that, in GaN, the interstitial Be undergoes a
type of transient-enhanced diffusion until these excess point defects are
removed by annealing, at which stage the Be is basically immobile. Im-
planted Be shows several types of anomalous diffusion in GaAs, including
up-hill diffusion and movement in the tail of the profile, in addition to
normal concentration-dependent diffusion,[76] which also result from the
non-equilibrium concentrations of point defects created by the nuclear
stopping process of the implanted ions.

Figure 1.18. SIMS profiles of Be+ implanted GaN before and after annealing at different
temperatures
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The above results show that most of the common acceptor and donor
species implanted into GaN, with the exception of Be, are extremely slow
diffusers at high temperatures.  This bodes well for the fabrication of GaN-
based power devices, such as thyristors and insulated gate bipolar transis-
tors, that will require creation of doped well or source/drain regions by im-
plantation.  The low diffusivities of implanted dopants in GaN means that
junction placement should be quite precise and there will be less problems
with lateral diffusion of the source/drain regions towards the gate.  In ad-
dition, these results also show the effectiveness of the AlN cap in protect-
ing the GaN surface from dissociation, since if any of the surface was de-
graded during annealing, then the implant profiles would no longer
overlap.

1.3.1.5 Residual Damage

Figure 1.19 shows a plan view TEM micrograph and selected-area electron
diffraction pattern from an Si-implanted sample (150 keV, 5×1015 cm–2)
after annealing at 1100°C for 10 s.  This is a high-dose implant of the type
used for making n+ ohmic contact regions, and represents a worst-case
scenario in terms of damage removal.  It also allows comparison with
damage expected with other dopants such as S, Ca and Mg due to the rep-
resentative mass number of Si.  The sample is still single crystal as deter-
mined by the diffraction pattern, but contains a high density of extended
defects (~1010   cm–2).  This is consistent with past reports of high back-
scattering yields in implanted GaN annealed at these conditions.[77]  We
ascribe these defects to the formation of dislocation loops in the incom-
pletely repaired lattice.

Figure 1.19. TEM plan view (a) and selected-area diffraction pattern from Si+-implanted
GaN after 1100oC, 10 s annealing
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By sharp contrast, annealing at 1400°C for 10 s brings a substantial re-
duction in the implant-induced defects, as shown in Figure 1.20.  The sam-
ple is again single-crystal, but the only contrast in the TEM plan view is
due to the lower density (~109 cm–2) of threading dislocations arising from
lattice mismatch in the heteroepitaxy.  This appears to correlate well with
the fact that the highest electron mobility and carrier density in these sam-
ples was observed for 1400°C annealing.  Clearly, the ultra-high tempera-
ture annealing is required to completely remove lattice damage in GaN
implanted with high doses.  However, it may not be needed for the mate-
rial implanted with lower dose (≤5×1013 cm–2), where the amount of dam-
age created is correspondingly less.

Figure 1.20. (a) TEM plan view and (b) selected-area diffraction pattern from Si+-
implanted GaN after 1400oC, 10 s annealing

1.4 Implant Isolation

Implant isolation has been widely used in compound semiconductor de-
vices for inter-device isolation, such as in transistor circuits, or to produce
current channeling, such as in lasers.  The implantation process can com-
pensate the semiconductor layer either by a damage or chemical mecha-
nism, maintaining a planar device morphology without the need for etched
mesa isolation.  For the former compensation, high resistivity is created
due to introduction of midgap, damage-related levels, which trap the free
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carriers in the materials.  This effect is stable only to the temperature at
which the damage is annealed out.  For the latter case, the implanted spe-
cies occupy the substitutional sites and create chemically induced deep
levels in the middle of the bandgap.  The compensation is thermally stable
in the absence of out-diffusion or precipitation of the species.  There is a
strong need for an understanding of the implant isolation process in GaN
because of the emerging applications for high temperature, high power
electronics based on this material and its alloys.

To date in the GaN materials system there has only been an examination
of damage-induced isolation.  Binari et al.[52] investigated H+ and He+

isolation of n-GaN, with the material remaining compensated to over
850oC with He+ and 400oC with H+.  Subsequent work focused on N+ im-
plantation into both n- and p-type GaN, producing defect levels of 0.83 eV
and 0.90 eV respectively.[30]  The implantation damage was annealed out
at 850oC in n-type material and 950oC in p-type material.  Very effective
isolation of AlGaN heterostructure FET structures has been achieved with
a combined P+/He+ implantation leading to sheet resistances of ≥1012 Ω/
and an activation energy of 0.71 eV for the resistivity.[78]  Some work has
also been reported for isolation of In-containing nitrides using O+, F+ or
N+.[53]  Basically, the implantation in InN and InGaN ternaries produced
only one or two orders of magnitude increase in sheet resistance after an
optimum anneal.  The relatively low sheet resistance (~104 Ω/ ) achieved
is not sufficient for inter-device isolation in electronic circuits.

To create chemically induced isolation, it is necessary to implant impu-
rities with electronic levels in the GaN bandgap, and usually a minimum
dose (dependent on the doping level of the sample) is required.  In other
compound semiconductors, species such as Fe, Cr, Ti and V have been
employed, with other examples being O in AlGaAs (where Al–O com-
plexes are thought to form)[79] and N in GaAs (C) (where C–N complexes
are thought to form).[80]

In this section, multi-energy O+, Ti+, Fe+ or Cr+ were implanted into n-
and p-type GaN to create high resistivity.  The annealing temperature de-
pendence of the sample sheet resistance was measured up to 900oC.  The
defect levels in the materials of both types were determined by tempera-
ture-dependent Transmission Line Method (TLM) measurements.  The
thermally stable, electrically active concentration of deep states produced
by these species was found to be <7×1017 cm–3 in both conductivity types
of GaN, with the sample resistivity approaching its original, unimplanted
value by ~900oC in all cases.  The defect levels created in the implanted
material are within 0.5 eV of either bandedge.
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1.4.1 Oxygen Implantation for Selective Area Isolation

0.3 μm thickness n- (Si-doped) or p-type (Mg-doped) GaN layers were
grown on 1 μm thickness undoped GaN on (0001) sapphire substrates by
radio frequency (rf) plasma activated MBE.  The carrier concentration in
the doped layers was 7×1017 cm–3 in each case.  Ohmic contacts were
formed in a transmission line pattern (gap spacings of 2, 4, 8, 16 and 32
μm) by e-beam evaporation and lift-off of Ti–Au (n-type) and Ni–Au (p-
type) annealed at 800oC and 700oC respectively for 30 s under N2.  The
total metal thickness was 4000 Å, so that these regions could act as im-
planted masks.  A schematic of the resultant structure is shown in Figure
1.21.

Figure. 1.21. Schematic of GaN structure for measurement of sheet resistance after ion im-
plantation

The samples were then implanted at 25oC using multiple-energy O+ ions
at different doses: 50 keV, 1×1014 cm–2; 100 keV, 2×1014 cm–2; 200 keV,
3×1014 cm–2.  The total dose was therefore 6×1014 cm–2. The sheet resis-
tance was obtained from TLM measurements for both the as-implanted
sample and those annealed at increasing temperatures to 900oC.  Meas-
urement temperatures in the range of 25–200oC were employed to deter-
mine the defect levels in the material.

In the case where the implanted species is chemically active in the GaN
it is the ion profiles that are the important feature, since it is the electrically
active fraction of these implanted species that determines the isolation be-
havior.  In the case where the isolation simply results from damage-related
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deep levels, then it is the profile of ion damage that is important.  Figure
1.22 shows both the calculated ion profiles (top, from P-CODETM simula-
tions) and damage profiles (bottom, from transport-of-ions-in-matter
(TRIM) simulations) for the multiple-energy O+ implant scheme. Note that
the defect density is generally overstated in these calculations due to re-
combination of vacancies and interstitials.  In any case, the doses are be-
low the amorphization threshold for GaN.

Figure 1.22. Ion (top) and damage (bottom) profiles for multiple-energy O+ implant se-
quence into GaN
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Figure 1.23 (top) shows the evolution of the sheet resistance for O+ im-
planted n- and p-type GaN with annealing temperature.  For the n-type
sample, the as-implanted sheet resistance was 4×109 Ω/ , and gradually
decreased over the entire annealing temperature range.  We do not believe
this is a result of O-related shallow donor states because these are not acti-
vated until annealing temperatures above 1100oC.[30]   By contrast, the
trend in the sheet resistance in p-type GaN is typical of those observed
with damage-related isolation.  The as-implanted resistance is five orders
of magnitude higher than that of the unimplanted material due to creation
of deep traps that remove holes from the valence band.  Subsequent an-
nealing tends to further increase the sheet resistance, by reducing the prob-
ability for hopping conduction as the average distance between trap sites is
increased.[81]  Beyond a particular annealing temperature (600oC in this
case) the trap density begins to fall below the carrier concentration and
holes are returned to the  valence band.  This produces a decrease in sheet
resistance toward the original, unimplanted values.  Note that even after a
900oC anneal the sheet resistance is still two orders of magnitude above the
unimplanted value.  A general rule of thumb for achieving acceptable de-
vice isolation is that the implanted region should have a sheet resistance
≥107 Ω/ .[82]  In this implant process, sheet resistances above this value
were achieved for annealing temperatures up to 600oC for n-type and
800oC for p-type.

Figure 1.23 (bottom) shows Arrhenius plots of the sheet resistance of
the implanted n- and p-type GaN annealed at either 300oC (n-type) or
600oC (p-type).  The annealing temperature for the p-type sample was cho-
sen to be close to the point where the maximum in the sheet resistance oc-
curs.  The activation energies derived from these plots represent the Fermi
level positions for the material at the particular annealing temperatures
employed.  Note that the values are far from midgap (1.7 eV for hexagonal
GaN).   In particular, the defects created in n-GaN are much shallower and
could not produce efficient compensation in this material.

From Figure 1.22 we find that there is a region at the immediate surface
(<300 Å) that receives a much lower concentration of cumulative damage,
simply because the projected range of the 50 keV O+ ions is ~400 Å.  In-
adequate coverage of this near-surface region is a common problem in im-
plant isolation processes, because conventional implant systems typically
have minimum operating voltages in the 20–30 keV range.  One solution
to this problem is to implant through a surface layer, which acts to move
the projected range of the lowest energy implant closer to the semicon-
ductor surface.  Titanium is a good choice, since it can be readily removed
after the implant step with HF solutions.  To achieve good compensation in
the near-surface region, ~500 Å Ti was deposited on top of the GaN.  The
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implantation performed under same conditions through this Ti overlayer
produced a maximum sheet resistance 50 times higher than that without
the implant overlayer.  The subsequent evolution of the resistance with an-
nealing temperature was similar.

Figure 1.23. Evolution of sheet resistance of n- and p-type GaN with annealing temperature
after O+ implantation (top), and Arrhenius plots of sheet resistance after either 300oC (n-
type) or 600oC (p-type) annealing (bottom)
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1.4.2 Creation of High-Resistivity Gallium Nitride by Ti, Iron,
and Chromium Implantation

For a better understanding of the implant isolation mechanism in GaN, Ti+,
Fe+ and Cr+ were implanted into n- and p-type samples at 100 keV (1014

cm–2), 300 keV (2×1014 cm–2) and 500 keV (3×1014 cm–2).  The wafer
structure is the same as shown in Figure 1.21.  The doses and energies
were chosen to create an average ion concentration of ~1019 cm–3 through-
out the 0.3 μm thickness doped GaN layers.  Both the ion and vacancy pro-
files for the Fe+ implants are shown at the top and bottom, respectively, of
Figure 1.24.  It is very clear that implanting with these heavier ions pro-
duced much more cumulative damage than the O+ implantation.

Figure 1.24. Ion (top) and damage (bottom) profiles for multiple-energy Fe+ implant se-
quence into GaN
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Figure 1.25 shows the annealing temperature dependence of sheet re-
sistance for Cr+ (top) and Fe+ (bottom).  The as-implanted resistance is six
to seven orders of magnitude higher than that of the unimplanted material.
The sheet resistances peak at some particular annealing temperatures (500–
600oC).  There is a significant improvement in the maximum Rs in the n-
type sample compared with the O+ implantation described earlier (~1012 vs
~1010 Ω/ ), because of the higher vacancy and interstitial concentrations
created.  The trends in the sheet resistance show that the isolations are all
typically damage related.  If Cr or Fe produced electrically active deep
states related to their chemical nature in the bandgap with concentrations
greater than the carrier density in the material, then the sheet resistance
would remain high for annealing temperatures above 600oC.  For these two
impurities it is clear that the electrically active concentration of deep states
is <7×1017 cm–3, otherwise all the carriers would remain trapped beyond an
annealing temperature of ~600oC.

Figure 1.25. Evolution of sheet resistance of GaN with annealing temperature after Cr+

(top) and Fe+ (bottom) implantation
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Figure 1.26 shows the sheet resistance of Cr+- (top) or Fe+ implanted
(bottom) n- and p-type GaN annealed at either 450oC (n-type) or 600oC (p-
type), as a function of the measurement temperature.  The activation ener-
gies derived from these plots are 0.49 eV and 0.45 eV in n-type and p-type
GaN respectively, which give rough estimates of the positions of the Fermi
levels.  These implant-induced defect states, although relatively shallow,
efficiently compensated the wide bandgap material.

Figure. 1.26. Arrhenius plots of sheet resistance in Cr+- (top) and Fe+-implanted (bottom)
n- and p-type GaN after annealing at either 450oC (n-type) or 600oC (p-type)

Similar results were obtained from Ti+ implantation in both n- and p-
GaN.  Within the experimental error (±0.04 eV), the activation energies are
the same for all these implants for both conductivity types.  This again
suggests that the defect states created are damage related and not chemical
in nature.  Note that the activation energy obtained with O+ implant into n-
GaN is much smaller.  This difference may be related to the lower damage
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density with O+ implantation.  The defect states in the gap are most likely
due to point defect-complexes of vacancies and/or interstitials, and the ex-
act microstructures of these complexes and their resultant energy levels are
expected to be very dependent on damage density and creation rate.[83]
This might also explain the differences reported in the literature for the ac-
tivation energies obtained with different implant species.

Figure 1.27 shows a schematic of the energy level positions found in
this work for Ti-, Cr-, Fe- and O-implanted p- and n-type GaN annealed to
produce the maximum sheet resistance.  Although the levels are not at
midgap, as is ideal for optimum compensation, they are sufficiently deep
to produce high resistivity material (~1012 Ω/  in n-GaN and ~1010 Ω/  in
p-GaN).  In GaN contaminated with transition metal impurities, non-
phonon-assisted photoluminescence lines attributed to Fe3+ at 1.3 eV and
Ti2+ at 1.19 eV have been reported,[84] but to date there are no electrical
measurements.

Figure 1.27. Schematic representation of the positions in the energy band gap of defect
levels created by O, Fe, Cr and Ti implantation into GaN

1.5 Electrical Contacts to Gallium Nitride

GaN is attractive for optical devices with blue or ultraviolet wavelengths,
as well as for high power and high temperature electronics.  Critical to the
success of these devices, however, are the ohmic contacts, and in some
cases Schottky contacts to the semiconductors.  In general, making low-
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resistance ohmic contact is difficult for wide bandgap materials, especially
for p-type GaN due to the difficulty in doping.  This creates a large voltage
drop across the GaN–metal interface for ohmic contacts, which leads to
poor device performance and reliability.  For most devices, ohmic contacts
with resistances lower than 10–5 Ω⋅cm2 are desired.

Ti-based contacts with contact resistances of 10–6–10–5 Ω⋅cm2 have been
demonstrated on n-type GaN.[23,55,85]  These contacts are found to take
advantages of the formation of a thin interfacial TiN layer 7(which is re-
fractory), exhibit metallic conductivity, and possess a low work function
(<4 eV).[86]  However, no satisfying ohmic contact to p-type GaN has
been developed so far.  In the search for improved contact characteristics, a
wide variety of metallizations have been investigated on p-GaN besides the
standard Ni–Au,[18,56,87,88] including Ni,[87,88] Au,[87,89] Pd,[87] Pd–
Au,[90] Pt–Au,[91] Au–Mg–Au,[92] and Pd–Pt–Au.[91]  Typically, met-
als with a large work function, such as Ni, Pd or Pt, are in direct contact
with the GaN, and the structure is annealed at 400–750°C.  This produces
contact resistances in the 10–1–10–3 Ω-cm2 range. Reports have also ap-
peared on the effect of annealing in O2 ambient in reducing contact resis-
tance (rc),[93] oxidation of Ni–Au metallization and its role in improving
contact quality,[94] the role of surface treatments in determining contact
quality [95,96], and the use of Ta–Ti contacts with low, but unstable con-
tact resistances.[97]

Another approach to achieve low-resistance contact is through semicon-
ductor bandgap engineering.  Schubert et al.[98] proposed the use of Al-
GaN–GaN superlattices as a technique to increase the average hole con-
centration.  The periodic oscillation of the valence band edge is superim-
posed with the oscillation generated by the piezoelectric field; this signifi-
cantly reduces the Mg acceptor ionization energy and, therefore, increases
the hole concentration.  Ti–Pt–Au contacts with specific contact resistance
of ~4×10–4 Ω-cm2 have been achieved on this structure.[99]  However, this
scheme may not easily be applied to real devices, since the free carriers are
separated into parallel sheets.

The Schottky contacts to n-GaN for a variety of elemental metals have
been studied extensively.  The reported SBH increases monotonically, but
does not scale proportionally with metal work function, with a consider-
able amount of scatter in the experimental results for a given metal.  The I–
V ideality factor is usually significantly larger than unity, and the measured
values of the Richardson constant A** are quite small.[54]  This non-ideal
behavior of GaN Schottky diodes appears to result from the presence of
several transport mechanisms, and to materials and process factors such as
defects present in these films, the effectiveness of surface cleans prior to
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metal deposition, local stoichiometry variations, and variations in surface
roughness.

There is not much information on Schottky contacts on p-GaN. Meas-
urement of the barrier height is very difficult, due to the general difficulty
in growing high quality p-type material, and the lack of low resistance oh-
mic contact.  The experimental values from conventional I–V and C–V
methods are usually inconsistent, but also appear to be affected by the
work function of the metals.[87]

One of the important issues in making high quality Schottky and ohmic
contacts to GaN is the surface cleanliness.  The ideal metal–semiconductor
interface should be oxide- and defect-free, atomically smooth, uniform,
and thermally stable, with the metal epitaxial.  Analysis by spectroscopic
ellipsometry showed that >30 Å of overlayer consisting organic and inor-
ganic, and native oxide is present on air-exposed GaN.[90]  In situ treat-
ments, such as N-ion sputtering, were reported to remove the oxide layer
on the GaN surface without significant modification of the N-to-Ga atomic
ratio.[87:101]  For practical contacts, the samples are treated with various
acidic or basic solutions before deposition of metal layers.  It was found
that HCl-based solution is more effective in removing oxides and leaves
less oxygen residue, but HF is more effective in removing carbon and hy-
drocarbon contamination.[102]  These ex situ treatments can remove a sig-
nificant part of the surface overlayer, but cannot produce atomically clean
surfaces.  The residual oxide layer is expected to act as a barrier to current
flow through the metal–GaN interface and, therefore, has a profound influ-
ence on the electrical characteristics of contacts to GaN.

The thermal stability of metal–GaN contacts is also critically important
for practical device operation (especially power electronics).  The thermal
limits of most of the metal–GaN combinations are between 300oC and
600oC.[54]  At higher temperatures, severe degradation in contact mor-
phology is observed, usually resulting from the formation of new interfa-
cial phases, such as metal gallides.

In this section, as a first step to explore the improved ohmic contact to
p-GaN, the effects of (NH4)2S treatment of the GaN surface on the electri-
cal properties were studied.  Reductions in SBH by ~0.2 eV were ob-
served.  This reduction in SBH was ascribed to removal of the native oxide
of thickness 1–2 nm that was present after conventional cleaning, and
formed an interfacial insulating layer at the metal–GaN interface.  In the
second part, the thermal stability of W and WSi contacts on n- and p-type
GaN was examined. Specific contact resistances in the range 10–5 Ω⋅cm2

were obtained for W on high-dose Si-implanted GaN, while true ohmic
characteristics could only be achieved at elevated temperatures for contacts
on p-GaN.
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1.5.1 Effects of Interfacial Oxides on Schottky Contact

Three different types of samples were employed with n-type doping of ei-
ther 8×1016 cm–3 or 1018 cm–3, or p-type doping (hole concentration) of 1017

cm–3.  These GaN layers were 1–3 μm thick and were grown on c-plane
Al2O3 substrates by rf plasma-assisted MBE. Each of the samples was
treated in one of two different ways.  The first involved a conventional
cleaning process that involved sequential rinsing in acetone, isopropyl al-
cohol and deionized water prior to lithography for defining the contact ar-
eas.  After lithography, the samples were rinsed 60 s in 30% HCl (25°C)
and 30 s in buffered HF to remove the native oxide and then immediately
loaded into the e-beam evaporator.  The second cleaning process was the
same as the first, but the last step was a 20 min boil in (NH4)2S.  This solu-
tion does not affect the photoresist mask.  The (NH4)2S solution is effective
in removing native oxide and prevention of immediate reoxidation, since a
Ga–S monolayer is formed on the surface.  This should be far less of a
hindrance to current flow than the presence of a much thicker native oxide.
The samples had Ti–Al or Ni–Au for ohmic contacts, each annealed at
750°C for 30 s to produce low rc.  The Pt (400 Å)–Au (1500 Å) rectifying
contacts were e-beam deposited with diameters 50–200 μm.  The effective
barrier heights were obtained from the forward current–voltage (I–V) char-
acteristics, according to the equation (see Equation (1.1)).

]1))[exp(exp(2** −−=
nkT

eV

kT
TAJ bφ

(1.1)

where A**  is 26.4 A·cm–2·K–2 for n-GaN and 96.1 A·cm–2·K–2 for p-GaN
and J is current density, φ4 is barrier height.

Figure 1.28 shows forward (top) and reverse (bottom) I–V characteris-
tics from the n+ GaN diodes, either with or without the (NH4)2S treatment
prior to Schottky contact deposition.  There are several key points in this
data.  First, the forward current increases as a result of the (NH4)2S treat-
ment due to a decrease in barrier height from 0.81 eV on the control diode
to 0.58 eV on the treated diode.  Second, in the linear region of the forward
characteristics, the scaling of current with contact diameter is much greater
than a power of two.  This suggests that there is a non-uniform concentra-
tion of defects, which are generation–recombination centers.  Finally, the
reverse leakage current is also increased by the (NH4)2S treatment.
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Figure 1.28. Forward (top) and reverse (bottom) I–V characteristics from AuPt–n+-GaN
diodes of different diameters, either cleaned in a conventional fashion prior to metal depo-
sition or with an additional (NH4)2S treatment

Similar data are shown in Figure 1.29 for the n-GaN diodes, at two dif-
ferent rectifying contact diameters.  The average barrier height decreased
from ~0.99 eV on the control diodes to ~0.83 eV on the (NH4)2S-treated
samples.  Both the forward and reverse currents increased as a result of the
(NH4)2S step.
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Figure 1.29. Forward (top) and reverse (bottom) I–V characteristics from AuPt–n–-GaN di-
odes of different diameters, either cleaned in a conventional fashion prior to metal deposi-
tion or with an additional (NH4)2S treatment

Figure 1.30 shows I–V characteristics from the p-GaN diodes.  These
structures showed high currents due to the difficulty in forming high barri-
ers to p-GaN.  The control diodes showed average barrier heights of 0.49
eV, which was slightly reduced to 0.47 eV as a result of the (NH4)2S
treatment.  In these diodes, the low bias current scaled with contact di-
ameter, indicating that surface leakage is important.  We did not passivate
the perimeters of the devices in this work.
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Figure 1.30. I–V characteristics from AuPt–p-GaN diodes of different diameters, either
cleaned in a conventional fashion prior to metal deposition or with an additional (NH4)2S
treatment

Table 1.2 shows a compilation of the barrier heights and ideality factors
for the n+, n and p diodes.  The clear effect of the boiling (NH4)2S exposure
is to decrease φb, suggesting that it could be promising for fabrication of
high quality ohmic contacts on GaN. (NH4)2S solution was also employed
to treat completed GaN mesa Schottky diodes.  Figure 1.31 shows the I–V
characteristics from the control and the passivated devices.  Both the for-
ward and reverse current densities increase slightly after the treatment.
This probably can be ascribed to the same reason as described earlier, i.e.
(NH4)2S passivation reduced the barrier height, and the leakage current on
the periphery increased.  The forward section of the I–V characteristics
shows only a slight improvement in ideality factor, and little change in this
parameter is also shown in Table 1.2.  Note that the 2kT leakage current in
a diode of this type has contributions from both the bulk space-charge re-
gion and the mesa surface, and that sulfide passivation would only affect
the latter.  The fact that the diode ideality factors did not improve suggests
that the problem for the conventional III–V compound semiconductors, i.e.
high density of surface states, is absent for GaN, and (NH4)2S does not
passivate the surface of GaN electronically, as it does for the GaAs or InP
surfaces.  This is consistent with the fact that no Fermi level pinning has
been observed on the GaN surface.  However, we generally got ideality
factors much larger than unity, which indicates high dislocation densities
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and high compensation levels in the current state of GaN materials.  Par-
ticularly for diodes fabricated on MBE-grown wafers, high leakage cur-
rents were typically observed, due to the relatively low epi thickness of
this growth method.

Table 1.2. Summary of electrical data for test diodes

n φb (eV)

Sample
Conventionally
cleaned

(NH4)2S
treated

Conventionally
cleaned

(NH4)2S
treated

AuPt–
n+-GaN

1.6–1.8 1.8–1.9 0.81 0.58

AuPt–
n-GaN

1.4–1.6 1.3–1.8 0.99
0.83

AuPt–
p-GaN

~2 ~2 0.49 0.47

Figure.1.31. I–V characteristics from complete GaN mesa diodes before and after (NH4)2S
treatment
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1.5.2 Interfacial Insulator Model

A contamination layer such as a thin oxide at the metal–semiconductor in-
terface usually behaves as an insulator, and provides energy barrier for car-
rier injection.  It is assumed that the thickness and the mean tunneling bar-
rier height of this thin oxide layer are δ and χ respectively.  According to
quantum mechanics, the transmission coefficient of an electron with en-
ergy E through this barrier is given by

1/ 2 1/ 2 1/ 2 1/ 2

0

2 2
exp{ (2 ) [ ] d } exp[ (2 ) ( ) ]T m E x m E

δ

χ χ δ≈ − − = − − (1.2)

where m is the tunneling effective mass.  Therefore, the current density
across the interface can be expressed as (the zero of electron energy is cho-
sen as the conduction band edge at the semiconductor surface)

1/ 2t
s m x2 3

0 0

2
exp[ (2 ) ] ( )

2 t

qm
J m f f dE dEχ δ

π

∞ ∞

= − − (1.3)

where Ex and Et are the electron energy components normal and parallel to
the Schottky barrier; fs and fm are the Fermi-Dirac distribution functions for
electron states in the semiconductor and metal respectively; and mt is the
effective mass component in the semiconductor transverse to the barrier.
In the nondegenerate case, the current density for forward biases V>3kT/q
is given by

** 2 1/ 2
b0

2
exp[ (2 ) ] exp( / ) exp( / )J A T m q kT qV nkTχ δ φ= − − (1.4)

The effective SBH φb can be obtained from

b b0φ φ φ= + Δ (1.5)

where φb0 is the barrier height without the interfacial layer and Δφ  is the

additional barrier due to the oxide.  The parameter Δφ  is given by

2kT/ (2m )1/2 .  The χ value for the oxide on GaN is calculated to be ~0.2
eV using the free electron mass.[87]  In this work we typically observed
Δφ  to be 0.16–0.23 eV for Pt–Au on n-GaN, which yields an estimate for
the oxide layer thickness of 1–2 nm left on the GaN surface after conven-
tional cleaning.  Previous work on the effect of different surface treatments
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on the rc of ohmic contacts on p-GaN has shown that wet chemical solu-
tions that remove the native oxide improve the contact resistance.  For ex-
ample, solutions of 1.3 HNO3:HCl were found to produce rc values of
4.1×10–4 Ω⋅cm2 for Pd–Au ohmic contacts on p-GaN, whereas untreated
samples had values two orders of magnitude larger.[95]  Similarly, the use
of buffered HF and boiling (NH4)2S, followed by a final dip in buffered HF
prior to metal deposition, was able to lower rc by three orders of magnitude
relative to untreated diodes.[103]  The oxide can also be removed by an-
nealing the contact metal at elevated temperatures.  Ishikawa et al.[87] ob-
served that, for Ni–GaN or Ta–GaN contacts, Ni or Ta diffused into the
contamination layer after annealing at 500oC, and grew epitaxially on the
GaN surface.  However, Au and Pd did not react efficiently with the oxide
layer.  Our work suggests that the conventional ex situ surface treatments
using HCl and HF cannot completely remove the native oxide on GaN.
This oxide has a strong influence on the contact characteristics on both n-
and p-type GaN, and appears to be responsible for some of the wide spread
in contact properties reported in the literature.

Figure 1.32 shows the band diagrams for metal–n- or n+-GaN structures
either with an interfacial oxide (top) or after boiling in (NH4)2S to remove
this oxide (bottom).  In the case of n-GaN, the dominant current conduc-
tion mechanism probably remains as thermionic field emission (albeit with
low barrier height), while for n+-GaN there may also be a contribution
from field emission.  Alternative explanations for the increased current in
(NH4)2S-treated samples would be an increase in contact area due to sur-
face roughening.  However, AFM measurements showed no significant
change in the RMS surface roughness in our samples.
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Figure 1.32. Energy band diagrams at the interface of n+-GaN–metal and n–-GaN–metal
with or without an interfacial oxide layer

1.5.3 Thermally Stable Tungsten-Based Ohmic Contact

Undoped GaN layers ~3 μm thickness were grown on Al2O3 by MOCV D.
These samples were implanted with 150 keV Si+ ions at a dose of 5 ×  1015

cm–2 and annealed with AlN caps in place to 1400°C for 10 s. W or WSi0.45

layers ~1000 Å thickness were deposited using an MRC501 sputtering
system.  The sample position was biased at 90 V with respect to the Ar
discharge.  Prior to sputtering, the surface contamination was removed by
a rinse in HCl and buffered HF solutions. Transmission line patterns were
defined by dry etching the exposed metal with SF6–Ar, and forming mesas
around the contact pads using BCl3/N2 dry etching to confine the current
flow.  The samples were annealed for 60 sn at 500–1100°C under flowing
N2.

The Si implantation followed by high-temperature activation yielded a
peak n-type doping concentration of ~5 × 1020 cm–3.  For as-deposited
metal contacts on this highly doped layer, tunneling current dominates the
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total current.  The specific contact resistance is roughly determined by the
tunneling mechanism.  Figure 1.33 shows the annealing temperature de-
pendence of rc for W contacts on Si-implanted GaN.  The specific contact
resistance improves with annealing up to ~950°C, and degrades at high
temperatures. Cole et al.[104] observed the formation of the β-W2N phase
at the W–GaN interface at annealing temperatures between 600 and
1000oC, as demonstrated by the x-ray results in Figure 1.34.  The as-
deposited sample displays a well-oriented (110) W film overlaying a well-
oriented (002) GaN epilayer.  The samples annealed at 800oC and 1000°C
exhibit well-developed face cubic β-W2N phase, as indicated by diffraction
peaks from, the (111) in the x-ray results in Figure 1.34.  The as-deposited
sample displays a well-oriented (110) W film overlaying a well-oriented
(002) GaN epilayer. The onset of the formation of this thin compound was
first detected after annealing at 600oC.  Annealing at 1000oC caused this
phase to disorder, as reflected by the broadening of the W2N (111) as well
as the disappearance of the other W2N peaks.  The β-W2N phase was no
longer stable and subsequently transformed into the defect structure of W–
N after annealing at higher temperatures.

Figure 1.33. Specific contact resistance for W on Si+-implanted GaN, as a function of post-
metallization annealing temperature
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Figure 1.34. The x-ray diffraction results for the (a) as-deposited, (b) 800oC annealed,
(c) 1000oC annealed W on n+-GaN samples

The formation of the β-W2N phase paralleled the low specific contact
resistance, and is very likely to be critical for achieving the low resistance
W ohmic contacts on GaN.  If the N needed to form this interfacial com-
pound has out-diffused from the GaN without decomposing the original
structure, then there would exist an accumulation of N vacancies near the
GaN surface, which act as donors.  Thus, the surface GaN would be highly
n-type and the carrier tunneling is enhanced.  Another possibility is that the
N out-diffusion aids in the formation of a Ga-enriched highly conductive
layer at the GaN surface, and results in a lower barrier height.

The near-surface GaN crystal quality is of particular importance, and
could directly influence the uniformity and stability of the W contacts.
TEM results showed that the defect-laden regions were directly associated
with contact spiking into the GaN epilayer, which in turn inhibited the
formation and development of the β-W2N interfacial phase with its associ-
ated smooth metal–semiconductor interface.[105]  Protrusion of the metal-
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lization down the threading and misfit dislocations was observed at 800oC,
extending >5000 Å in some cases, which is obviously a problem for mul-
tilayer structures.  In contrast, contacting to a low-defect surface improved
the lateral extent of the new phase needed for ohmic contact formation and
impeded contact metal spiking.  The excellent structural stability of the W
on GaN is shown in the SEM micrographs of Figure 1.35, where a sharp
interface is retained after 750°C annealing.

z

Figure 1.35. SEM micrographs of W contact on Si+-implanted GaN after annealing at
750oC The GaN thinkess is 3 microns.

1.5.4 Behavior of Tungsten and Tungsten Silicide Contacts on
p-Gallium Nitride

The 1 μm thickness GaN layers were grown on Al2O3 substrates by MBE
using solid Ga and rf-activated N2 from a plasma source. The Mg acceptor
concentration was 1018 cm–3.  Cathodoluminescence revealed a strong peak
at 383–385 nm, with very little deep–level emission. W or WSi0.45 layers
~1000 Å thickness were deposited using an MRC501 sputtering system
using an Ar discharge and an acceleration voltage of 90 V. Prior to sput-
tering, the samples were cleaned in HCl and buffered HF solutions.  TLM
patterns were defined by dry etching the exposed metal with SF6–Ar, and
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forming mesas around the contact pads using BCl3–N2 dry etching to con-
fine the current flow.  For comparison Au(1000 Å)–Ni(500 Å) was depos-
ited by e-beam evaporation, defined by lift-off and mesas formed by dry
etching.  The samples were annealed for 1 min at temperatures from 400–
1100°C under a flowing N2 ambient.

Figure 1.36 shows I–V characteristics for WSi, W and Ni–Au metalli-
zation on p-GaN, as a function of post-deposition annealing temperature.
It is clear that annealing at low temperatures improves the intimate contact
between the metals and GaN, and hence, the contact quality.  However,
even at the optimum annealing temperatures for each metal scheme (700°C
for Ni–Au and W; 800°C for WSix) there is not true ohmic behavior, and
the contacts are better described as leaky Schottky diodes.  At annealing
temperatures above these optimum conditions, the contact characteristics
worsen and become more rectifying.  Note that the formation of the W2N
phase at these temperatures could result in a decrease in hole concentration
at the GaN surface, and degrade the contact properties.

Figure 1.36. Annealing temperature dependence of I–V characteristics of WSi, W and Ni–
Au contacts on p-GaN (60 s anneal times)
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It is instructive to examine the contact morphology for different an-
nealing temperatures.  Figure 1.37 shows SEM micrographs of Ni–Au after
annealing at 400°C (top left) and 700°C (top right), and of W after an-
nealing at 400°C (bottom left) and 900°C (bottom right).  In the former
case the Ni–Au becomes strongly islanded, as reported by Venugopalan et
al. [106], due to dissociation of the GaN by the reaction with the Ni.[56]
The rate of the reaction becomes increasingly rapid above ~600°C, and in
our contacts a 5 min anneal at 700°C produced extremely poor results both
from an electrical and structural view point.  The reacted nature of the Ni–
Au contact will definitely be a problem in electronic devices such as het-
erojunction bipolar transistors or junction FETs, where the contact size is
much smaller than in photonic devices, and need to be uniform for large
numbers of devices.  By sharp contrast, both the W and WSi did not show
any loss of dimensional stability or surface morphology degradation even
at >900oC.  In addition, there is not a strong dependence of the electrical
characteristics on annealing time, as shown in Figure 1.38.  There is little
change in the contact properties for 30 s–2 min, and contacts become
slightly more rectifying for longer times, indicating that the interfacial re-
action is very limited.  In conjunction with the low defect density material
grown by epitaxial overgrowth, the use of WSi and W metallization should
prove useful in improving the thermal stability of p-ohmic contacts on
GaN.

Figure 1.37. SEM micrographs of Ni–Au contacts on p-GaN after 60 s anneals at 400oC
(top left) and 700oC (top right), and W contacts after annealing at 400oC (bottom left) and
900oC (bottom right)
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Figure 1.38. Annealing time dependence at 700oC of I–V characteristics from W contacts
on p-GaN

From Fermi-Dirac statistics we can calculate the Fermi level position EF

for p-GaN containing 1018 acceptors as a function of absolute temperature
T

NA
a F

1

1 2exp[( )/ ]E E kT+ −
= NV exp (-(EF–EV)/kT) (1.6)

where NA is the acceptor concentration, Ea = 171 meV for Mg in GaN and
NV is the valence band density of states.  Using this relation, we calculated
the ionization efficiency for Mg as a function of sample temperature, as
shown in Figure 1.39.  At 25°C, only ~10% of the Mg is ionized, whereas
the efficiency increases to ~57% at 300°C.  Given the acceptor concentra-
tion in our films, this means the hole density rises from ~1017 cm–3 at 25°C
to ~5.7×1017 cm–3 at 300°C.  Past investigations have shown a combination
of thermionic emission and thermionic field emission as the dominant con-
duction mechanisms in contacts to p-GaN.[91,107]  At elevated operating
temperatures, the hole density in the material increases rapidly, leading to
a decrease in material sheet resistance.  Concurrently, there should be more
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efficient thermionic emission and tunneling of holes across the metal-GaN
barrier, leading to a decrease in specific contact resistance.

Figure 1.39. Ionization efficiency of Mg acceptors in GaN, and Fermi level position for
GaN doped with 1018 cm–3 Mg acceptors as a function of temperature

Figure 1.40 shows I–V characteristics from the three different metalli-
zation schemes on p-GaN, as a function of measurement temperature. At
250°C the Ni–Au is truly ohmic, whereas the W and WSix have linear
characteristics at 300°C.  Table 1.3 shows the rc values at 300oC are 9.2 ×
10–2 Ω-cm2 (Ni–Au), 6.8 × 10–1 Ω-cm2 (W) and 2.6 × 10–2 Ω-cm2 (WSi).
The substrate sheet resistance decreases with increasing temperature, indi-
cating that the increased hole concentration plays a major role in decreas-
ing rc.  Whilst device operation at elevated temperatures clearly would im-
prove the p-contact resistance, it remains to be seen how much of a trade-
off this entails in terms of degraded reliability.
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Figure 1.40. Measurement temperature dependence of I–V characteristics of Ni–Au, W and
WSi contacts on p-GaN

Table 1.3. Temperature-dependent contact data for p-GaN

Contact

Measurement
temperature
(oC)

Specific contact
resistance
(Ω cm2)

Contact
resistivity
(Ω mm)

Sheet
resistance
(Ω/ )

Ni–Au 200 0.125 415.7 13900
Ni–Au 250 0.121 319.5 8470
Ni–Au 300 0.092 205.9 4600
W 300 0.682 758.4 –
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1.6 Dry Etch Damage in Gallium Nitride

Dry etching has proven an effective technique for the formation of mesas
in GaN devices.  However, exposure to the energetic ions may result in
significant damage, which often degrades the material properties and de-
vice performance. The ICP technique uses lower ion energies than RIE,
and thus in general has lower damage levels as a result.  At high source
powers, however, ion flux incidence on the surface is so high that substan-
tial damage can be detected to depths of a few hundred angstroms.
Plasma-induced damage to GaN may take several forms, all of which lead
to changes in its electrical and optical properties, as follows ion-induced
creation of lattice defects, which generally behave as deep-level states and
thus produce compensation, trapping or recombination in the material.
Owing to channeling of the low energy ions that strike the sample, and
rapid diffusion of the defects created, the effects can be measured as deep
as 1000 Å from the surface, even though the projected range of the ions is
only ≤10 Å.

1. Unintentional passivation of dopants by atomic hydrogen.  The
hydrogen may be a specific component of the plasma chemistry,
or may be unintentionally present from residual water vapor in
the chamber or from sources such as photoresist mask erosion.
The effect of the hydrogen deactivation of the dopants is a strong
function of substrate temperature, but may occur to depths of
several thousand angstroms.

2. Creation of non-stoichiometric surfaces through preferential loss
of one of the lattice elements.  This can occur because of strong
differences in the volatility of the respective etch products,
leading to enrichment of the less volatile species, or by prefer-
ential sputtering of the lighter lattice element if there is a strong
physical component to the etch mechanism.  Typical depths of
this non-stoichiometry are <100 Å.

3. Deposition of polymeric film from plasma chemistries involving
CHx radicals, or from reaction of photoresist masks with Cl2-
based plasma.

In GaN-based photonic devices, the constraints placed on dry etching
are minimal.  Usually, these structures are heavily doped and etch depths
are comparatively large, and thus are fairly resistant to damage. Moreover,
the etch proceeds to an n+-GaN layer, onto which an ohmic contact is sub-
sequently deposited.  Preferential loss of N2 from the near-surface region
during the etch step is actually beneficial in this case because it leads to in-
creased n-type doping levels, and hence lower contact resis-

Page 72 of 383



1.6 Dry Etch Damage in Gallium Nitride      61

tances.[85,100,108,109]  By sharp contrast, in electronic devices such as
HBTs or Bipolar Junction Transistors (BJTs), the etching requirements are
much more demanding.  Low-damage processes are required to form me-
sas for the base and collector contacts without increasing recombination in
the base–emitter junction or surface leakage in the base–collector junction.

To date, much less is known about the electrical effects of dry etch
damage and its subsequent removal by chemical treatment or annealing in
the GaN system than for other compound semiconductors.  Most past work
in this area has focused on n-type material.  The sheet resistances of GaN,
InGaN, InAlN and InN samples were found to increase in proportion to ion
flux and ion energy in an ECR Ar plasma.[110,111]  Ren et al.[112] ex-
amined the effect of ECR BCl3–N2 and CH4–H2 plasmas on the electrical
performance of InAlN and GaN channel FET.  They found that hydrogen
passivation of the Si doping in the channel may occur if H2 is a part of the
plasma chemistry and that preferential loss of N2 degraded the rectifying
properties of Schottky contacts deposited on plasma-exposed surfaces.
Saotume et al.[113] found pure Cl2 plasma treatment decreased near band-
edge (Photo luminescence) intensity of the GaN samples by a factor of ap-
proximately five through introduction of non-radiative levels, whereas
subsequent photo-assisted wet etching restored this to about half of the
original value.

There is very little information available on the electrical effects of
plasma damage in p-type GaN.  Shul et al.[114] reported that the sheet re-
sistance of p-GaN increased upon exposure to pure ICP Ar discharge.  The
increases were almost linearly dependent on ion energy, but weakly de-
pendent on ion flux.

In this section, we studied systematically the effects of ICP N2, H2, Ar or
Cl2–Ar discharge exposure under various conditions on the properties of n-
and p-GaN Schottky diodes.  The choice of these plasma chemistries en-
abled us to differentiate between ion mass effects and the role of physical
versus chemical components of the etching.  The depth and thermal stabil-
ity of the damage have been determined. Wet etching and thermal anneal-
ing were employed to restore the electrical properties of the damaged ma-
terials.

1.6.1 Plasma Damage in n-Gallium Nitride

The layer structure and contact metals are shown schematically in Figure
1.41.  The GaN was grown by rf plasma-assisted MBE on c-plane Al2O3

substrates.  The Ti–Au ohmic contacts were patterned by lift-off and an-
nealed at 750oC, producing contact resistances in the 10–4 Ω⋅cm–2 region.
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Samples were exposed to either pure N2 or H2 discharges in a Plasma-
Therm 790 ICP system at a fixed pressure of 5 mTorr.  The gases were in-
jected into the ICP source at a flow rate of 15 standard cubic centimeters
per minute (sccm).  The experimentally varied parameters were source
power (300–1000 W) and rf chuck power (40–250 W), which control ion
flux and ion energy respectively.  The Pt–Au Schottky metallization was
then deposited through a stencil mask by e-beam evaporation. I–V charac-
teristics were recorded on an HP4145A parameter analyzer, and the re-
verse breakdown voltage VB was defined as the voltage at which the leak-
age current was 5×10–3 A.  We found in all cases that plasma exposure
caused significant increases in forward and reverse currents, with ideality
factors increasing from typical values of 1.4 to 1.7 on control samples to
>2. For this reason, we were unable to extract meaningful values of either
ideality factor or barrier height.

Fig.ure1.41. Schematic of GaN Schottky diode structure

Figure 1.42 shows a series of I–V characteristics from the GaN diodes
fabricated on samples exposed to either H2 or N2 discharges at different
source powers.  It is clear that N2 plasma exposure creates more degrada-
tion of the diode characteristics than does H2 exposure.  This implicates the
ion mass (28N2

+, 2H2
+ for the main positive ion species) as being more im-

portant in influencing the electrical properties of the GaN surface than a
chemical effect, since H2 would be likely to preferentially remove nitrogen
from the GaN as NH3.
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Figure 1.42. I–V characteristics from GaN diodes before and after H2 (top) and N2 (bot-
tom) plasma exposure (150 W rf chuck power, 5 mTorr) at different ICP powers

The variations of VB of the diodes with the source power during plasma
exposure are shown in Figure 1.43.  For any exposure to the N2 discharges,
VB is severely reduced. By contrast, there is less degradation with the H2

plasma exposures at higher source powers.  This is likely related to the
lower average ion energy at those conditions, as shown at the bottom of
Figure 1.43.  The average ion energy is approximately equal to the sum of
dc self-bias and plasma potential, with the latter being in the range –22 to
–28 V as determined by Langmuir probe measurements.  Ion-induced lat-
tice damage in GaN may display n-type conductivity, due to more N atoms
being displaced.  In addition, the heavy N2

+ ions are also more effective in
preferential sputtering of the N relative to Ga and creating N vacancies,
compared with the H2

+ ions.  The net result is that N2
+ ions will lead to

more degradation of the surface electrical properties of GaN than do H2
+

ions of similar energy.
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Figure 1.43. Variation of VB in GaN diodes (top) and dc chuck self-bias (bottom) as a
function of ICP source power in H2 or N2 plasmas (150 W rf chuck power, 5 mTorr)

Similar conclusions can be drawn from the data on the effect of in-
creasing rf chuck power.  Figure 1.44 shows the diode I–V characteristics
from H2 or N2 plasma-exposed samples at fixed source power (500 W) but
varying rf chuck power.  There are once again very severe decreases in
breakdown voltage and increases in leakage current.  The dependence of
VB on rf chuck power during the plasma exposures is shown in Figure 1.45,
along with the dc self-bias.  The VB values fall by more than a factor of two
even for very low self-biases, and emphasize how sensitive the GaN sur-
face is to degradation by energetic ion bombardment.  The degradation
saturates beyond ~100 W chuck power, corresponding to ion energies of
~175 eV.  We assume that, once the immediate surface becomes suffi-
ciently damaged, the contact properties basically cannot be made any
worse and the issue is then whether the damage depth increases with the
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different plasma parameters.  Since ion energy appears to be a critical fac-
tor in creating the near-surface damage, damage depth would be expected
to increase with ion energy in a non-etching process.  In the case of simul-
taneous etching and damage creation (e.g. in Cl2–Ar etch processing),
higher etch rates would lead to smaller depth of residual damage because
the disordered region would be partially removed.

Figure 1.44. I–V characteristics from GaN diodes before and after H2 (top) or N2 (bottom)
plasma exposure (500 W source power, 5 mTorr) at different rf chuck powers
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Figure 1.45. Variation of VB in GaN diodes (top) and dc chuck self-bias (bottom) as a
function of rf chuck power in H2 or N2 plasmas (500 W source power, 5 mTorr)

For completed n-GaN diodes exposed to ICP discharges we observed
that the changes in the electrical properties were much less severe than
those above.  However, the low bias forward currents of the damaged de-
vices were still increased by up to two orders of magnitude.  Auger elec-
tron spectroscopy (AES) showed that plasma exposure created a N2-
deficient region around the periphery of the rectifying contact, which re-
duced the barrier to current conduction.  By contrast, the reverse I–V is
more strongly dependent on the bulk doping in the GaN under the contact
and is less affected by the plasma damage.

1.6.2 Effect of Etching Chemistries on Damage

It would be expected that exposure to etching chemistries such as Cl2–Ar
create less and shallower damage, on the basis of the fast etching rate and
hence improved damage removal.  In this section we compare the effects

Page 78 of 383



1.6 Dry Etch Damage in Gallium Nitride      67

of Cl2–Ar and Ar ICP exposure on the electrical properties of n-GaN
Schottky diodes.  The layer structure consisted of 0.5 μm n+ (1018 cm–3)
GaN grown on c-plane Al2O3 substrate by MBE, followed by 1 μm of
nominally doped (n 5×1016 cm–3) GaN.  The mesas were etched with Ar–
Cl2 ICP discharges at low powers, and ohmic contacts were formed by e-
beam evaporation and lift-off of Ti–Al–Pt–Au, followed by annealing at
800oC to remove dry etch damage and alloy the contacts.  The samples
were exposed to either 10Cl2/5Ar or 15Ar (where the numbers denote the
gas flow rate in standard cubic centimeters per minute) ICP discharges in a
Plasma-Therm ICP reactor at a fixed pressure of 3 mTorr.  We investigated
a range of rf chuck powers (25–250 W) and etch times (4–100 s), with a
fixed source power of 500 W.  The Schottky metallization Pt–Au (φ= 50,
70 or 90 μm) was then deposited on the damaged surface by e-beam
evaporation, followed by lift off.  As schematic of the mesa diodes and an
SEM micrograph are shown in Figure 1.46.

Figure 1.46. Schematic of the diode structure (top) and SEM of a complete device (bottom)
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Figure 1.47 shows a series of I–V characteristics from n-type GaN di-
odes fabricated on samples exposed to either Cl2–Ar (top) or Ar (bottom)
discharges at different rf chuck powers.  There is a significant reduction in
VB under all conditions, with Ar producing less damage at low chuck pow-
ers.  This is probably related to two factors: the slightly higher chuck bias
with Cl2–Ar due to the lower positive ion density in the plasma (Cl is more
electronegative than Ar) and the heavier mass of the Cl2

+ ions compared to
Ar+.  This is consistent with data on the relative effects of N2 and H2

plasma exposure, i.e. ion mass was more important in influencing the
electrical properties of the GaN surface than any chemical effects.

Figure 1.47. I–V characteristics from n-GaN samples exposed to ICP Cl2–Ar (top) or Ar
(bottom) discharges (500 W source power) as a function of rf chuck power prior to deposi-
tion of the rectifying contact

The variations of VB and VF with the rf chuck power during plasma ex-
posure are shown in Figure 1.48 (top).  At powers ≤100 W (this corre-
spond to ion energies <~150 eV), the Cl2–Ar creates more degradation of
VB, as discussed above, while at higher powers the damage saturates.  This
is also reflected in the variation of the forward on-voltage VF with rf chuck
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power.  Note that the etch rate in Cl2–Ar discharges increases rapidly with
the rf chuck power (shown at the bottom of the figure).  The amount of the
etch damage is the direct result of competition between defect introduction
and etching processes.

Figure 1.48. Variations of VB and VF (top), and n-GaN etching rate or dc self-bias (bottom)
as a function of rf chuck power for n-GaN diodes exposed to ICP Ar and Cl2–Ar discharges
(500 W source power)

Figure 1.49 shows a series of I–V characteristics from n-type GaN di-
odes fabricated on samples exposed to the two different plasmas for differ-
ent times at fixed rf chuck power (150 W) and source power (500 W).  It is
clear that the damage accumulates rapidly, with the I–V characteristics be-
coming linear at longer times.  The breakdown voltages are <1 V for basi-
cally all plasma exposure times for both Cl2–Ar and Ar.  Figure 1.50
shows the variations in VB and VF in these diodes with plasma exposure,
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together with the etch depth versus etch time (bottom).  As is readily ap-
parent, VB decreases dramatically after even short plasma exposures (4 s)
and then tends to recover slightly up to ~25 s.  It should be remembered
that this is damage accumulating ahead of the etch front.  The VB values
are saturated after some points due to the etching or sputtering effect.
Since the etch rate with Cl2–Ar is much faster (Figure 1.50, bottom), the
damage accumulation in this chemistry should reach the saturation point
much earlier, as shown in Figure 1.50 (top).

Figure 1.49. I–V characteristics from n-GaN samples exposed to ICP Cl2–Ar (top) or Ar
(bottom) discharges (150 W rf chuck power, 500 W source power) as a function of plasma
exposure time prior to deposition of the rectifying contact
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Figure 1.50. Variation of VB and VF (top) and of n-GaN etch depth (bottom) as a function
of plasma exposure time for n-GaN diodes exposed to ICP Cl2–Ar discharges (500 W
source power 150 W rf chuck power)

The rapid accumulation could explain why Cl2–Ar discharges produce
more damage than pure Ar.  Significant damage could be created in the
near-surface region in this high-density plasma after even a very short ex-
posure.  The Schottky contact is most sensitive to the electrical properties
of the immediate surface layer.  For these reasons it is possible that Cl2–Ar
discharges, containing ions with higher energy and heavier mass, produce
more degradation in the electrical properties of the GaN Schottky diodes
than pure Ar discharges, even though the damage depth may be smaller
due to high etch rate.  Note that we have studied a worst-case scenario for
damage introduction during ICP etching.  In a real etch process of GaN
device, damage would be less severe because much lower power condi-
tions are employed.

1.6.3 Thermal Stability of Damage

To examine the thermal stability of the etch damage, the n-type GaN sam-
ples were exposed to the 500 W source power, 150 W rf chuck power (dc
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self-bias –221 V), 5 mTorr N2 discharge, and then annealed in N2 for 30 s
at 300–850oC prior to deposition of the rectifying contact.  Figure 1.51
(top) compares the AFM data from the control sample, the as-exposed
sample and samples annealed at 550oC or 750oC.  The fact that plasma ex-
posure severely degraded the surface is clear, as the RMS surface rough-
ness increases from 0.8 nm to 4.2 nm.  Subsequent annealing essentially
restored the initial morphology.  I–V data from annealed samples are
shown in Figure 1.51 (bottom).  These samples show that increasing the
annealing temperature up to 750oC brings a substantial improvement in VB.
However, for annealing at 850oC the diode began to degrade, and this is
consistent with the temperature at which N2 begins to be lost from the sur-
face.[59]

Figure 1.51. AFM scans of GaN surfaces (top) and I–V characteristics from GaN diodes
(bottom) before and after N2 plasma exposure (500 W source power, 150 W rf power, 5
mTorr) and subsequent annealing at different temperatures prior to deposition of the
Schottky contacts
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It is instructive to compare the thermal stability of Pt–Au contacts on the
damaged and undamaged GaN.  The metal was deposited on a control
sample and a sample which was plasma exposed (N2, 500 W source power,
150 W rf chuck power, 5 mTorr), then annealed at different temperatures
for 30 s.  The I–V characteristics are shown in Figure 1.52.  The Pt–Au
contact is stable to 700oC on unetched samples, whereas in the case where
the samples were exposed to the N2 plasma the I–V characteristics show
continued worsening upon annealing.  The poorer stability in etched sam-
ples could be related to the surface damage enhancing interfacial reaction
between the Pt and GaN, and ohmic contact on the damaged materials can
take advantage of this enhanced alloying process.

Figure 1.52. I–V characteristics from GaN diodes with Schottky metal deposited on control
samples (top) and plasma-exposed samples (bottom) followed by annealing at different
temperatures
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Figure 1.53 shows I–V characteristics from control, samples which were
exposed to Ar or Cl2/Ar discharges at a fixed source power (500 W) and rf
chuck power (150 W rf), and annealed in N2.  Again, the annealing pro-
duced a significant recovery of the electrical properties, and more restora-
tion was achieved for samples exposed to the Ar plasma.  The VB values
are shown in Figure 1.54, as a function of post-plasma exposure annealing
temperature.  Annealing temperatures between 700–800oC restored >70%
of the original VB value, but clearly annealing alone cannot remove all of
the dry etch induced damage.  Annealing temperatures above 800oC were
found to lead to preferential loss of N2 from the surface, with a concurrent
degradation in VB.

Figure 1.53. I–V characteristics from n-GaN samples exposed to ICP Cl2–Ar (top) or Ar
(bottom) discharges (500 W source power, 100 W rf chuck power) as a function of anneal-
ing temperature prior to deposition of the rectifying contact
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Figure 1.54. Variation of VB in n-GaN diodes exposed to ICP Cl2–Ar or Ar discharges (500
W source power, 100 W rf chuck power) with annealing temperature prior to deposition of
the rectifying contact

1.6.4 Plasma Damage in p-Gallium Nitride

The layer structure consisted of 1 μm of undoped GaN (n 5×1016 cm–3)
grown on a c-plane Al2O3 substrate, followed by 0.3 μm of Mg doped
(p 5×1017 cm–3) GaN.  The samples were grown by rf plasma-assisted
MBE.  Ohmic contacts were formed with Ni–Au deposited by e-beam
evaporation, followed by lift-off and annealing at 750oC.  The GaN surface
was then exposed for 1 min to ICP H2 or Ar plasmas in a Plasma-Therm
790 System.  The 2 MHz ICP source power was varied from 300 to 1400
W, while the 13.56 MHz rf chuck power was varied from 20 to 250 W.
The former parameter controls the ion flux incident on the sample, while
the latter controls the average ion energy.  Ti–Pt–Au contacts with 250 μm
diameter were deposited through a stencil mask.  The I–V characteristics
of the diodes were recorded on an HP 4145A parameter analyzer. The
unetched control diodes have reverse breakdown voltages of ~2.5–4 V de-
pending on the wafer – these values were uniform (±12%) across a par-
ticular wafer.

Figure 1.55 shows the I–V characteristics from samples exposed to ei-
ther H2 (top) or Ar (bottom) ICP discharges (150 W rf chuck, 2 mTorr) as
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a function of source power.  In both cases there is an increase in both the
reverse breakdown voltage and the forward turn-on voltage, with these pa-
rameters increasing monotonically with the source power during plasma
exposure.

Figure 1.55. I–V characteristics from samples exposed to either H2 (top) or Ar (bottom)
ICP discharges (150 W rf chuck power) as a function of ICP source power prior to deposi-
tion of the Ti–Pt–Au contact

Figure 1.56 shows this increase in breakdown voltage as a function of
source power, and also the variation of the chuck dc self-bias.  As the
source power increases, the ion density also increases and the higher
plasma conductivity suppresses the dc bias developed.  Note that the
breakdown voltage of the diodes continues to increase even as this bias
(and hence ion energy, which is the sum of this bias and the plasma poten-
tial) decreases.  These results show that ion flux plays an important role in
the change of diode electrical properties.  The other key result is that Ar
leads to consistently more of an increase in breakdown voltage, indicating
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that ion mass is important, rather than any chemical effect related to re-
moval of N2 or NH3 in the H2 discharges.

Figure 1.56. Variation of diode breakdown voltage in samples exposed to H2 or Ar ICP
discharges (150 W rf chuck power) at different ICP source powers prior to deposition of the
Ti–Pt–Au contact.  The dc chuck self-bias during plasma exposure is also shown

The increase in breakdown voltage on the p-GaN is due to a decrease in
hole concentration in the near-surface region through the creation of shal-
low donor states.  The key question is whether there is actually conversion
to an n-type surface under any of the plasma conditions.  Figure 1.57 (top)
shows the forward turn-on characteristics of the p-GaN diodes exposed to
different source power Ar discharges. At low source power (300 W), the
turn-on remains close to that of the unexposed control sample, i.e. the sur-
face remains p-type with no significant reduction in conductivity. How-
ever, there is a clear increase in the turn-on voltage at higher source pow-
ers, and in fact at ≥750 W the characteristics are those of an n–p junction,
i.e. the surface has converted to n-type.  The turn-on voltage at the highest
flux conditions is ~3.3 V (Figure 1.57 (bottom)), which is close to the
build-in potential of a GaN n–p diode.  Since the hole concentration in the
GaN is ~1017 cm–3, the Mg acceptor concentration is ~1019 cm–3 based on
the ionization level of ~170 meV.  This means the plasma exposure at high
flux conditions produces >1019 cm–3 shallow donor states and there is sur-
face conversion.  According to our previous study [111], the obvious con-
clusion is that nitrogen vacancies create these shallow donor levels.  We
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found that N2 loss from the p-GaN surface during thermal annealing at
temperatures >900oC also produced significantly decreased p-type con-
duction.

Figure 1.57. Forward turn-on characteristics (top) and turn-on voltage  (bottom) of diodes
exposed to ICP Ar discharges (150 W rf chuck power) at different ICP source powers prior
to deposition of the Ti–Pt–Au contact

The influence of rf chuck power on the diode I–V characteristics is
shown in Figure 1.58 for both H2 and Ar discharges at fixed source power
(500 W).  A similar trend is observed as for the source power experiments,
namely the reverse breakdown voltage increases, consistent with a reduc-
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tion in p-doping level near the GaN surface.  Surface type conversion also
occurred at high powers.

Figure 1.58. I–V characteristics from samples exposed to either H2 (top) or Ar (bottom)
ICP discharges (500 W source power) as a function of rf chuck power prior to deposition of
the Ti–Pt–Au contact

Figure 1.59 plots breakdown voltage and dc chuck self-bias as a func-
tion of the applied rf chuck power.  The breakdown voltage initially in-
creases rapidly with ion energy (the self-bias plus ~25 V plasma potential)
and saturates above ~100 W probably due to the fact that sputtering yield
increases and some of the damaged region is removed.  Note that there are
very large changes in breakdown voltage even for low ion energies, em-
phasizing the need to control both flux and energy carefully.
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Figure 1.59. Variation of diode breakdown voltage in samples exposed to H2 or Ar ICP
discharges (500 W source power) at different rf chuck powers prior to deposition of the Ti–
Pt–Au contact.  The dc chuck self-bias during plasma exposure is also shown

1.6.5 Thermal Stability of Damage

One important method of removing plasma-induced damage is annealing.
In these experiments we exposed the samples to the same type of plasma
(Ar, 750 W source power, 150 W rf chuck power) and then annealed under
N2 at different temperatures.  Figure 1.60 (top) shows the I–V characteris-
tics of these different samples, and Figure 1.60 (bottom) shows the result-
ing breakdown voltages as a function of annealing temperature.  On this
wafer, plasma exposure caused an increase in breakdown voltage from
~2.5 to ~18 V.  Subsequent annealing at 400oC initially decreased the
breakdown voltage, but higher temperatures produced a large increase.  In
some cases, the samples were found to be highly compensated after an-
nealing at 600–700oC.  At temperatures above 700oC, the diode character-
istics returned toward their initial values and were back to the control val-
ues by 900oC.  This behavior is similar to that observed in implant-isolated
compound semiconductors, where ion damage compensates the initial
doping in the material, producing higher sheet resistances.  In many in-
stances the damage site density is larger than that needed to trap all of the
free carriers, and trapped electrons or holes may move by hopping con-
duction.  Annealing at higher temperatures removes some of the damage
sites, but there are still enough to trap all the conduction electrons/holes.
Under these conditions the hopping conduction is reduced and the sample
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sheet resistance actually increases.  At still higher annealing temperatures,
the trap density falls below the conduction electron or hole concentration
and the latter are returned to their respective bands.  Under these condi-
tions the sample sheet resistance returns to its pre-implanted value.  The
difference in the plasma-exposed samples is that the incident ion energy is
a few hundred electron-volts compared to a few hundred kilo-electron-
volts in implant-isolated material.  In the former case the main electrically
active defects produced are nitrogen vacancies near the surface, whereas in
the latter case there will be vacancy and interstitial complexes produced in
far greater numbers to far greater depths.  We did not examine the time de-
pendence of the damage removal, but expect it would show a square-root
power of annealing time.

Figure 1.60. I–V characteristics from samples exposed to ICP Ar discharges (750 W source
power, 150 W rf chuck power) and subsequently annealed at different temperatures prior to
deposition of the Ti–Pt–Au contact (top) and breakdown voltage as a function of annealing
temperature (bottom)
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In our previous work on plasma damage in n-GaN [111] we found that
annealing at ~750oC almost returned the electrical properties to their initial
values.  If the same defects are present in both n- and p-type materials after
plasma exposure, then this difference in annealing temperature may be a
result of a Fermi level dependence on the annealing mechanism.

1.6.6  Determination of Damage Profile in Gallium Nitride

An important concern is the depth of the plasma-induced damage.  We
found we were able to etch p-GaN very slowly in boiling NaOH solutions,
at rates that depended on the solution molarity (Figure 1.61) even without
any plasma exposure of the material.  This enabled us to directly measure
the damage depth in plasma exposed samples in two different ways.

Figure 1.61. Wet etching rate of p-GaN in boiling NaOH solutions as a function of solution
molarity

The first method involved measuring the etch rate as a function of depth
from the surface.  Defective GaN resulting from plasma, thermal or im-
plant damage can be wet chemically etched at rates much faster than un-
damaged material because the acid or base solutions are able to attack the
broken or strained bonds present.  Kim et al.[115] reported that the wet
etch depth on thermally or ion-damaged GaN was self-limiting. Figure
1.62 shows the GaN etch rate as a function of depth in samples exposed to
a 750 W source power, 150 W rf chuck power Ar discharges (–158 V dc
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bias).  The etch rate is a strong function of the depth from the surface and
saturates between ~425 and 550 Å.  Within this depth range the etch rate is
returned to the “bulk” value characteristic of undamaged p-GaN.

Figure 1.62. Wet etching rate of Ar plasma-exposed (750 W source power, 150 W rf chuck
power) p-GaN as a function of depth into the sample

The second method to establish damage depth, of course, is simply to
measure the I–V characteristics after removing different amounts of mate-
rial by wet etching prior to deposition of the rectifying contact.  Figure
1.63 (top) shows the I–V characteristics from samples exposed to 750 W
source power, 150 W rf chuck power (–160 V dc chuck bias) Ar dis-
charges and subsequently wet etched to different depths using 0.1 M
NaOH solutions before deposition of the Ti–Pt–Au contact.  Figure 1.63
(bottom) shows the effect of the amount of material removed on the diode
breakdown voltage.  Within the experimental error of ±12%, the initial
breakdown voltage is re-established in the range 400–450 Å.  This is con-
sistent with the depth obtained from the etch-rate experiments described
above, and corresponds to an ion energy of ~180 eV.
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Figure 1.63. I–V characteristics from samples exposed to ICP Ar discharges (750 W source
power, 150 W rf chuck power) and subsequently wet etched to different depths prior to
deposition of the Ti/Pt/Au contact (top) and breakdown voltage as a function of depth re-
moved (bottom)

It would be instructive to determine and compare the damage depth cre-
ated after exposure to Cl2–Ar and Ar discharges (500 W source power, 150
W rf chuck power, 1 min, –192 V or –171 V dc chuck bias).  For these
plasma conditions, we did not observe type conversion of the surface.  The
values of forward turn-on voltage increased after plasma exposure, due to
the lowered net hole concentration.  The electrical properties are almost re-
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stored after depths of 500–600 Å were removed by NaOH etching, as can
be seen in Figure 1.64.  This data can also be obtained from Figure 1.65,
where the wet etch depth in plasma-damaged p-GaN is plot as a function
of etching time.  What is clear from this data is that the damage depth pro-
duced in Cl2–Ar discharges is only slightly smaller than that in Ar dis-
charges, even though the etch rate of GaN in the former plasma is almost
30 times higher.

Figure 1.64. Forward I–V characteristics from p-GaN samples exposed to ICP Cl2–Ar (top)
or Ar (bottom) discharges (500 W source power, 150 W rf chuck power) and wet etched in
boiling NaOH to different depths prior to deposition of the rectifying contact
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Figure 1.65. Wet etch depth versus etch time in boiling NaOH solutions for plasma-dam-
aged p-GaN

The damage depth in n-type GaN can be established by photoelectro-
chemically (PEC)[116] wet etching different amounts of the plasma-
exposed material, and then measuring the electrical properties of the GaN
surfaces.  For samples exposed to a 500 W source power, 150 W rf chuck
power N2 discharge, the reverse breakdown voltage was restored to about
half of its initial value after removal of ~260 Å damaged layer.  However,
increasingly rough surfaces of PEC etching for larger removal depths were
usually observed.  The estimated damage depth for the N2 plasma condi-
tions mentioned above could be similar to that established in p-type GaN
samples exposed to similar plasma conditions.

1.7 Conclusions and Future Trends

Recognized for their stability in harsh environments and their unique opti-
cal and electronic properties, the III–V nitrides have become one of the
few select classes of materials being engineered into optoelectronics and
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microelectronic devices demanded by today's technologically advancing
society.  Although early progress was slowed by the lack of ideal sub-
strates and p-type doping ability, the pace of successful GaN-based device
fabrication has accelerated within the last few years.  The commercializa-
tion of blue and green LEDs and the achievement of long lifetime LDs
have been followed by the realization of UV photodetectors and numerous
different electronic devices.  However, the scientific understanding neces-
sary to routinely reproduce these results and advance device performance
is still lacking in many critical areas.  While further improvement in het-
eroepitaxial growth is currently gaining considerable attention, a reliable
processing procedure is another critical factor for GaN to reach its full po-
tential, especially for microwave power electronics.  This dissertation has
focused on several important aspects of GaN processing, with efforts di-
rected towards optimizing GaN technology and improving GaN-based de-
vice performance.

A novel RTP at temperatures up to 1500oC has been developed for GaN
and related materials.  High quality AlN has proven to be an efficient en-
capsulant at these temperatures, and can be removed selectively in KOH
solutions.  High-dose Si implantation followed by 1400oC annealing pro-
duced metallic doping levels (~5×1020 cm–3) in GaN. Post-implant anneal-
ing at 1100oC was found to be insufficient to remove the lattice damage,
while 1400oC produced much lower defect densities. The implantation and
activation of other common donors and acceptors in GaN have also been
examined.  The Group VI donors, though free of the potential drawback of
being amphoteric, did not show any advantages over Si for creation of n-
type doping in GaN.  Only Mg was found to produce p-type conductivity,
while C- and Be-implanted samples remained n-type due to strong com-
pensation effects.  None of the implanted species showed measurable dif-
fusion at high temperatures, but Be did display an apparent defect-assisted
redistribution at 900oC.  A summary of these results is shown in Table 1.4.

To fully develop the potential of ion implantation in advanced electron-
ics, there is still a need to examine further the possible implanted dopants
in GaN, especially to improve p-type doping efficiency in GaN or AlGaN.
One attractive technique is to improve the occupation of dopants on the de-
sirable lattice sites through co-implantation, such as co-implantation of C,
Ge or Sn with Group III species for more conducting p-type nitrides, and
co-implantation of Si and Group VI dopants to get even better n-type con-
ductivity.
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Table 1.4. Ion implantation doping in GaN

High sheet resistances of ~1012 Ω/square in n-GaN and 1010 Ω/square in
p-GaN have been achieved by implantation of O, Cr, Fe and Ti.  The con-
centration of electrically active deep energy levels related to the chemical
nature of these species was found to be <7×1017 cm–3, and the implanted
GaN displayed typical damage-related isolation behavior.  Temperature-
dependent measurements showed that the defect levels are in the range
0.2–0.49 eV in n-GaN and are ~0.44 eV in p-GaN, which are far from
midgap, but sufficient to produce high resistivity materials.  Future work in
the area of implant isolation includes searching for high compensation in
InGaN and thermally stable isolation for use at elevated temperatures.

W-based contacts deposited on Si-implanted GaN produced ohmic con-
tacts with low resistance of 10–6 Ω-cm2.  Minimal reaction at the W–GaN
interface was observed even at 1000oC.  The behavior of W and WSi on p-
type GaN has been compared with that of Ni–Au. True ohmic characteris-
tics were obtained only at elevated temperatures.  The refractory contact
schemes offer superior thermal stability to the standard metallization used
in photonic devices, i.e. Ti–Al and Ni–Au, and, therefore, are very prom-
ising for GaN-based ultra-high-power electronics.  At this point, difficulty
in achieving low resistance p-type ohmic behavior is still one of the major
obstacles in fabricating efficient photonic devices.  Further improvements
in this area must be achieved at the next stage, including better under-
standing of metal–GaN reactions and use of these reactions for tunneling
and/or lowering barrier height, exploring and incorporating a graded
structure or superlattice layer, or highly doped material with a narrower
band gap for ohmic contacts.

Max achievable doping
level  (cm–3)

Diffusivity
(cm2⋅s–1)

Ionization level
(meV)

Donors
Si 5×1020 <2×10–13 (1500oC) 28
S 5×1018 <2×10–13 (1400oC) 48
Se 2×1018 <2×10–13 (1450oC) –
Te 1×1018 <2×10–13 (1450oC) 50
Si 5×1020 <2×10–13 (1500oC) 28
S 5×1018 <2×10–13 (1400oC) 48
Se 2×1018 <2×10–13 (1450oC) –
O 3×1018 <2×10–13 (1200oC) 30

Acceptors
Mg ~5×1017 <2×10–13 (1450oC) 170
Be n-type Defect-assisted 165
C n-type <2×10–13 (1400oC) –
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 Dry etch damage is another key issue for optimization of GaN proc-
essing.  In this work, plasma damage in n- and p- GaN has been studied
systematically using Schottky diode measurements.  ICP discharges (in-
cluding real etching chemistries) produced large changes in diode charac-
teristics.  The results are consistent with creation of nitrogen vacancy −
related shallow donors in the near-surface region (<600 Å), which decrease
the doping concentration in p-GaN and increase electron density in n-GaN.
Surface type conversion was observed in p-GaN at high ion fluxes and
high ion energies.  The damage was found to accumulate rapidly, and ion
mass appeared to be a key parameter in determining the magnitude in deg-
radation of material properties. Annealing at ~750oC for n-GaN and 850oC
for p-GaN, or wet chemical etching have proven to be efficient for damage
removal.  For GaN-based microelectronics, other promising low-damage,
etching such as low energy electron-enhanced etching [117–122] or photo-
assisted vapor etching,[124] could become alternative techniques and at-
tract more and more attention in the future.

GaN and related materials provide exciting opportunities in material re-
search and device engineering, and are perhaps a model system for the in-
terplay between science and technology.  In the photonics arena, device
applications have appeared before there was a complete understanding of
the growth and defect issues.  Today, research regarding the III–V nitride
materials is focused on the optimization of these and other devices, and re-
alization of their theoretical potential; thus, methods to improve hetero-
epitaxial growth and critical advances in processing technology are once
again at the forefront.
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2 Dry Etching of Gallium Nitride and
Related Materials

2.1 Abstract

In this chapter, the characteristics of dry etching of the AlGaInN materials
system in different reactor types and plasma chemistries are reviewed,
along with the depth and thermal stability of etch-induced damage. The
application to device processing for both electronics and photonics is also
discussed.

2.2 Introduction

Owing to limited wet chemical etch results for the Group III nitrides, a sig-
nificant amount of effort has been devoted to the development of dry etch
processing.[1–19]  Dry etch development was initially focused on mesa
structures where high etch rates, anisotropic profiles, smooth sidewalls and
equirate etching of dissimilar materials were required.  For example, com-
mercially available LEDs and laser facets for GaN-based LDs were pat-
terned using RIE.  However, as interest in high power, high temperature
electronics [20–23] increased, etch requirements expanded to include
smooth surface morphology, low plasma-induced damage and selective
etching became important.  Dry etch development is further complicated by
the inert chemical nature and strong bond energies of the Group III nitrides
compared with other compound semiconductors.  GaN has a bond energy
of 8.92 eV/atom, InN 7.72 eV/atom and AlN 11.52 eV/atom.[24]

2.3 Plasma Reactors

Dry plasma etching has become the dominant patterning technique for the
Group III nitrides, due to the shortcomings in wet chemical etching.
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Plasma etching proceeds by either physical sputtering, chemical reaction, or
a combination of the two often referred to as ion-assisted plasma etching,
Physical sputtering is dominated by the acceleration of energetic ions
formed in the plasma to the substrate surface at relatively high energies,
typically >200 eV.  Owing to the transfer of energy and momentum to the
substrate, material is ejected from the surface.  This sputter mechanism
tends to yield anisotropic profiles; however, it can result in significant
damage, rough surface, morphology, trenching, poor selectivity and
nonstoichiometric surfaces, thus minimizing device performance.  The
measured sputter rates for GaN, InN, AlN and InGaN as a function of Ar+

ion energy increased with ion energy but were quite slow, <600 Å/min, due
to the high bond energies of the Group III–N bond.[25]

Chemically dominated etch mechanisms rely on the formation of reac-
tive species in the plasma which absorb to the surface, form volatile etch
products and then desorb from the surface.  Since ion energies are relatively
low, etch rates in the vertical and lateral directions are often similar, thus
resulting in isotropic etch profiles and loss of critical dimensions.  How-
ever, owing to the low ion energies used, plasma-induced damage is mini-
mized.  Alternatively, ion-assisted plasma etching relies on both chemical
reactions and physical sputtering to yield anisotropic profiles at reasonably
high etch rates.  Provided the chemical and physical components of the etch
mechanism are balanced, high-resolution features with minimal damage
can be realized and optimum device performance can be obtained.

2.3.1 Reactive Ion Etching

RIE utilizes both the chemical and physical components of an etch mecha-
nism to achieve anisotropic profiles, fast etch rates and dimensional con-
trol.  RIE plasmas are typically generated by applying rf power of 13.56
MHz between two parallel electrodes in a reactive gas (see Figure 2.1(a)).
The substrate is placed on the powered electrode, where a potential is in-
duced and ion energies, defined as they cross the plasma sheath, are typi-
cally a few hundred electron-volts.  RIE is operated at low pressures, rang-
ing from a few millitorr up to 200 mTorr, which promotes anisotropic
etching due to increased mean free paths and reduced collisional scattering
of ions during acceleration in the sheath.
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Figure 2.1. Schematic diagram of (a) RIE, (b) ECR, and (c) ICP etch platforms

Adesida et al. [18] were the first to report RIE of GaN in SiCl4-based
plasmas. Etch rates increased with increasing dc bias, and were >500 Å/min
at –400 V.  Lin et al. reported similar results for GaN in BCl3 and SiCl4

plasmas with etch rates of 1050 Å/min in BCl3 at 150 W cathode (area 250
in2) rf power.  Additional RIE results have been reported for HBr- [27],
CHF3- and CCl2F2-based [28] plasmas, with etch rates typically <600
Å/min.  The best RIE results for the Group III nitrides have been obtained
in chorine-based plasmas under high ion energy conditions where the
Group III–N bond breaking and the sputter desorption of etch products
from the surface are most efficient.  Under these conditions, plasma dam-
age can occur and degrade both electrical and optical device performance.
Lowering the ion energy or increasing the chemical activity in the plasma
to minimize the damage often results in slower etch rates or less anisotropic
profiles, which significantly limits critical dimension.  Therefore, it is nec-
essary to pursue alternative etch platforms which combine high quality etch
characteristics with low damage.
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2.3.2 High-Density Plasmas

The use of high-density plasma etch systems, including ECR, ICP and
magnetron RIE (MRIE), has resulted in improved etch characteristics for
the group-III nitrides as compared to RIE.  This observation is attributed to
plasma densities which are two to four orders of magnitude higher than
RIE, thus improving the Group III–N bond breaking efficiency and the
sputter desorption of etch products formed on the surface.  Additionally,
since ion energy and ion density can be more effectively decoupled com-
pared with RIE, plasma-induced damage is more readily controlled.  Figure
2.1(b) shows a schematic diagram of a typical low-profile ECR etch sys-
tem.  High-density ECR plasmas are formed at low pressures with low
plasma potentials and ion energies due to magnetic confinement of elec-
trons in the source region.  The sample is located downstream from the
source to minimize exposure to the plasma and to reduce the physical com-
ponent of the etch mechanism.  Anisotropic etching can be achieved by su-
perimposing an rf bias (13.56 MHz) on the sample and operating at low
pressure (<5 mTorr) to minimize ion scattering and lateral etching.  How-
ever, as the rf biasing is increased, the potential for damage to the surface
increases.  Figure 2.2 shows a schematic of the plasma parameters and
sample position in a typical high-density plasma reactor.

Figure 2.2. Schematic diagram of high-density plasma etching process

ECR etch rates for GaN, InN and AlN increased as either the ion energy
(dc bias) or ion flux (ECR source power) increased.[29,30]  Etch rates of
1100 Å/min for AlN and 700 Å/min for GaN at –150 V dc bias in a Cl2–H2

plasma and 350 Å/min for InN in a CH4–H2–Ar plasma at –250 V dc bias
were reported. The etched features were anisotropic and the surface re-
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mained stoichiometric over a wide range of plasma conditions.  GaN ECR
etch data have been reported by several authors, with etch rates as high as
1.3 μm/min.[31–42]

ICP offers another high-density plasma etch platform to pattern Group
III nitrides.  ICP plasmas are formed in a dielectric vessel encircled by an
inductive coil into which rf power is applied (see Figure 2.1(c)).  The alter-
nating electric field between the coils induces a strong alternating magnetic
field trapping electrons in the center of the chamber and generating a high-
density plasma.  Since ion energy and plasma density can be effectively de-
coupled, uniform density and energy distributions are transferred to the
sample while keeping ion and electron energy low.  Thus, ICP etching can
produce low damage while maintaining fast etch rates.  Anisotropy is
achieved by superimposing an rf bias on the sample.  ICP etching is gener-
ally believed to have several advantages over ECR, including easier scale-
up for production, improved plasma uniformity over a wider area and lower
cost of operation.  The first ICP etch results for GaN were reported in a
Cl2–H2–Ar ICP plasma with etch rates as high as ~6875 Å/min.[43,44]
Etch rates increased with increasing dc bias, and etch profiles were highly
anisotropic with smooth etch morphologies over a wide range of plasma
conditions.  GaN etching has also been reported in a variety of halogen-
and methane-based ICP discharges.[45–54]  Use of a Cl2–Ar–O2 chemistry
produced good selectivity for GaN and InGaN over AlGaN (up to ~50), due
to formation of an oxide on the AlGaN.[52,53]

MRIE is another high-density etch platform and is comparable to RIE.
In MRIE, a magnetic field is used to confine electrons close to the sample
and minimize electron loss to the wall.[55–57]  Under these conditions,
ionization efficiencies are increased and high plasma densities and fast etch
rates are achieved at much lower dc biases (less damage) compared with
RIE.  GaN etch rates of ~3500 Å/min were reported in BCl3-based plasmas
at dc biases <–100 V.[58]  The etch was fairly smooth and anisotropic.

2.3.3 Chemically Assisted Ion Beam Etching

Chemically assisted ion beam etching (CAIBE) and reactive ion beam
etching (RIBE) have also been used to etch Group III nitride films.[19,59–
62]  In these processes, ions are generated in a high-density plasma source
and accelerated by one or more grids to the substrate.  In CAIBE the reac-
tive gases are added to the plasma downstream of the acceleration grids,
thus enhancing the chemical component of the etch mechanism, whereas in
RIBE the reactive gases are introduced in the ion source.  Both etch plat-
forms rely on relatively energetic ions (200–2000 eV) and low chamber
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pressures (<5 mTorr) to achieve anisotropic etch profiles.  However, with
such high ion energies, the potential for plasma-induced damage exists.
Adesida and co-workers reported CAIBE etch rates for GaN as high as
2100 Å/min with 500 eV Ar+ ions and Cl2 or HCl ambients.[18,59,60]
Rates increased with beam current, reactive gas flow rate and substrate
temperature.  Anisotropic profiles with smooth etch morphologies were ob-
served.

2.3.4 Reactive Ion Beam Etching

The RIBE removal rates for GaN, AlN and InN are shown in Figure 2.3 as
a function of Cl2 percentage in Cl2–Ar beams at 400 eV and 100 mA cur-
rent.  The trend in removal rates basically follows the bond energies of
these materials.  At fixed Cl2/Ar ratio, the rates increased with beam en-
ergy.  At very high voltages, one would expect the rates to saturate or even

Figure 2.3. RIBE nitride removal rates as a function of Cl2 percentage in Cl2–Ar beams
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decrease due to ion-assisted desorption of the reactive chlorine from the
surface of the nitride sample before it can react to form the chloride etch
products.

There was relatively little effect of either beam current or sample tem-
perature on the RIBE removal rates of the nitride.  The etch profiles are
anisotropic, with light trenching at the base of the features.  This is gener-
ally ascribed to ion deflection from the sidewalls causing an increased ion
flux at the base of the etched features.

2.3.5 Low-Energy Electron-Enhanced Etching

Low-energy electron-enhanced etching (LE4) of GaN has been reported by
Gilllis and co-workers.[16,63–65]  LE4 is an etch technique which depends
on the interaction of low-energy electrons (<15 eV) and reactive species at
the substrate surface.  The etch process results in minimal surface damage
since there is negligible momentum transferred from the electrons to the
substrate.  GaN etch rates of ~500 Å/min in an H2-based LE4 plasma and
~2500 Å/min in a pure Cl2 LE4 plasma have been reported.[16,65]  GaN
has also been etched using photo-assisted dry etch processes where the sub-
strate is exposed to a reactive gas and uv laser radiation simultaneously.
Vibrational and electronic excitations lead to improved bond breaking and
desorption of reactant products.  Leonard and Bedair [66]reported GaN etch
rates of <80Å/min in HCl using a 193 nm ArF excimer laser.

GaN etch rates are compared in Figure 2.4 for RIE, ECR and ICP Cl2–
H2–CH4–Ar plasmas and an RIBE Cl2–Ar plasma.  CH4 and H2 were re-
moved from the plasma chemistry to eliminate polymer deposition in the
RIBE chamber.  Etch rates increased as a function of dc bias independent
of etch technique.  GaN etch rates obtained in the ICP and ECR plasmas
were much faster than those obtained in RIE and RIBE.  This was attrib-
uted to higher plasma densities (one to four orders of magnitude higher)
which resulted in more efficient breaking of the Group III–N bond and
sputter desorption of the etch products.  Slower rates observed in the RIBE
may also be due to lower operational pressures (0.3 mTorr compared with 2
mTorr for the ICP and ECR) and/or lower ion and reactive neutral flux at
the GaN surface due to high source-to-sample separation.
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Figure 2.4. GaN etch rates in RIE, ECR, ICP and RIBE Cl2-based plasmas as a function of

dc bias

2.4 Plasma Chemistries

2.4.1 Chlorine-Based Plasmas

Etch characteristics are often dependent upon plasma parameters, including

pressure, ion energy and plasma density.  As a function of pressure, plasma

conditions, including the mean free path and the collisional frequency, can

change, resulting in changes in both ion energy and plasma density.  GaN

etch rates are shown as a function of pressure for an ICP-generated BCl3–

Cl2 plasma in Figure 2.5.  Etch rates increased as the pressure was

increased from 1 to 2 mTorr and then decreased at higher pressures.  The

initial increase in etch rate suggested a reactant-limited regime at low

pressure; however, at higher pressures the etch rates decreased due either to

lower plasma densities (ions or radical neutrals), redeposition or polymer

formation on the substrate surface.  At pressures <10 mTorr, GaN etches

were anisotropic and smooth, while at pressures >10 mTorr the etch profile
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undercut and poorly defined due to a lower mean free path, collisional
scattering of the ions and increased lateral etching of the GaN.

Figure 2.5. GaN etch rates as a function of pressure in an ICP-generated BCl3–Cl2–Ar
plasma at 32 sccm Cl2, 8 sccm BCl5, 5 sccm Ar, 500 W IPC source power, dc bias –150 V
and 10oC electrode temperature

GaN etch rates are plotted as a function of dc bias (which correlates to
ion energy) for an ICP-generated BCl3–Cl2 plasma in Figure 2.6.  The GaN
etch rates increased monotonically as the dc bias or ion energy increased.
Etch rates increased due to improved sputter desorption of etch products
from the surface, as well as from more efficient breaking of the Ga–N
bonds.  Etch rates have also been observed to decrease under high ion
bombardment energies due to sputter desorption of reactive species from
the surface before the reactions occur.  This is often referred to as an ad-
sorption limited etch regime.  In Figure 2.7, SEM micrographs are shown
for (a) –50, (b) –150 and (c) –300 V dc bias.  The etch profile became more
anisotropic as the dc bias increased from –50 to –150 V dc bias, due to the
perpendicular path of the ions relative to the substrate surface, maintaining
straight wall profiles.  However, as the dc bias was increased to –300 V, a
tiered etch profile with vertical striations in the sidewall was observed due
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to erosion of the resist mask edge.  The GaN may become rougher at these
conditions due to mask redeposition and preferential loss of N2.

Figure 2.6. GaN etch rates as a function of dc bias in an ICP-generated BCl3–Cl2–Ar plasma
at 32 sccm Cl2, 8 sccm BCl3, 5 sccm Ar, 500 W ICP source power, 2 mTorr pressure and
10oC electrode temperature

Figure 2.7.  SEM micrographs for GaN etched at (a) –50, (b) –150, and (c) –300 V dc bias.
ICP etch conditions were 32 sccm Cl2, 8 sccm BCl3, 5 sccm Ar, 500 W ICP source power, 2
mTorr pressure and 10oC electrode temperature
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In Figure 2.8, GaN etch rates are shown as a function of ICP source
power while the dc bias was held constant at –250 V.  GaN etch rates in-
creased as the ICP source power increased, due to higher concentrations of
reactive species (which increases the chemical component of the etch
mechanism) and/or higher ion flux (which increases the bond breaking and
sputter desorption efficiency of the etch).  Etch rates have also been ob-
served to stabilize or decrease under high plasma flux conditions due either
to saturation of reactive species at the surface or sputter desorption of reac-
tive species from the surface before the reactions occur.  The etch profile
was anisotropic and smooth up to 1000 W ICP power, where the feature
dimensions were lost and sidewall morphology was rough due to erosion of
the mask edge under high plasma flux conditions.

Figure 2.8. GaN etch rates as a function of ICP source power in an ICP-generated
BCl3/Cl2/Ar plasma at 32 sccm Cl2, 8 sccm BCl3, 5 sccm Ar, –250 V dc bias, 2 mTorr pres-
sure and 10oC electrode temperature

In addition to etch rates, the etch selectivity or the ability to etch one film
at higher rates than another can be very important in device fabrication.
For example, optimization of etch selectivity is critical to control threshold
voltage uniformity for high electron mobility transistors (HEMTs), to accu-
rately stop on either the emitter or collector regions for metal contacts for
HBTs, and for low resistivity n-ohmic contacts on InN layers.  Several
studies have recently reported etch selectivity for the Group III ni-

Page 118 of 383



108      Dry Etching of Gallium Nitride and Related Materials

trides.[50,53,67–71]  For example, Figure 2.9 shows GaN, InN and AlN
etch rates and etch selectivities as a function of cathode rf power in an ICP-
generated Cl2–Ar plasma.  Etch rates for all  three films increased with in-
creasing cathode rf power or dc bias due to improved breaking of the Group
III–N bonds and more efficient sputter desorption of the etch products.  In-
creasing InN etch rates were especially significant, since InCl3, the primary
In etch product in a Cl-based plasma, has a relatively low volatility.  How-
ever, under high dc bias conditions, desorption of the InCl3 etch products
occurred prior to coverage of the etch surface.[68]  The GaN:InN and
GaN:AlN etch selectivities were <8:1 and decreased as the cathode rf
power or ion energy increased.  Smith and co-workers [53] reported similar
results in a Cl2–Ar ICP plasma where GaN:AlN and GaN:AlGaN selectivi-
ties decreased as dc bias increased. 53  At –20 V dc bias, etch selectivities
of ~39:1 were reported for GaN:AlN and ~10:1 for GaN:AlGaN.

Figure 2.9.  GaN, InN and AlN (a) etch rates and (b) GaN:AlN and GaN:InN etch selectivi-
ties as a function of dc bias in a Cl2–Ar ICP.  Plasma conditions were: 25 sccm Cl2, 5 sccm
Ar, 2 mTorr chamber pressure, 500 W ICP-source power and 25oC cathode temperature
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Temperature-dependent etching of the Group III nitrides has been re-
ported in ECR and ICP etch systems [32,42,54].  Etch rates are often influ-
enced by the substrate temperature, which can affect the desorption rate of
etch produced, the gas–surface reaction kinetics and the surface mobility of
the reactants.  Substrate temperature can be controlled and maintained dur-
ing the etch process by a variety of clamping and backside heating or cool-
ing procedures.  GaN and InN etch rates are shown in Figure 2.10 as a
function of temperature in a Cl2–H2–Ar ICP.  GaN etch rates were much
faster than InN due to higher volatility of the GaCl3 etch products compared
with InCl3 and showed little dependence on temperature.  However, the InN
etch rates showed a considerable temperature dependence, increasing at
150oC due to higher volatilities of the InCl3 etch products at higher sub-
strate temperatures.

Figure 2.10. GaN and InN etch rates as a function of temperature for an ICP-generated Cl2–
H2–Ar plasmas.  ICP etch conditions were 22.5 sccm Cl2, 2.5 sccm H2, 5 sccm Ar, 500 W
ICP source power, –250 V dc bias and 2 mTorr pressure

Several different plasma chemistries have been used to etch the Group
III nitrides.  As established above, etch rates and profiles can be strongly
affected by the volatility of the etch products formed.  Table 2.1 shows the
boiling points of possible etch products for the Group III nitrides exposed
to halogen- and hydrocarbon-based plasmas.  For halogen-based plasmas,
etch rates are often limited by the volatility of the Group III halogen etch
product.  For Ga- and Al-containing films, chlorine-based plasmas typically
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yield fast rates with anisotropic, smooth etch profiles.  CH4–H2-based
plasma chemistries have also yielded smooth, anisotropic profiles for Ga-
containing films, although at much slower rates.  Based only on a compari-
son of etch product volatility, slower etch rates in CH4-based plasmas is
unexpected, since the (CH3)3Ga etch product has a much lower boiling
point than GaCl3.  This observation demonstrates the complexity of the etch
process, where redeposition, polymer formation, and gas-phase kinetics can
influence the results.  As shown above, etch rates for In-containing films
obtained in room temperature chlorine-based plasmas tend to be slow with
rough surface morphology and overcut profiles due to the low volatility of
the InCl3 and preferential loss of the Group V etch products.  However, at
elevated temperatures (>130oC), the InCl3 volatility increases and the etch

Table 2.1. Boiling points for possible etch products of Group III nitride films
etched in halogen- or CH4–H2-based plasmas

Etch products Boiling points (oC)
AlCl3 183
AlF3 Na
AlI3 360

AlBr3 263
(CH3)3Al 126

GaCl3 201
GaF3 1000
GaI3 Sublimes 345

GaBr3 279
(CH3)3Ga 55.7

InCl3 600
InF3 >1200
InI3 Na

InBr3 Sublimes
(CH3)3In 134

NCl3 <71
NF3 –129
NBr3 Na
NI3 Explodes
NH3 –33
N2 –196

(CH3)3N    –33
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rates and surface morphology improve.[32,42,54,72–74]  Significantly
better room temperature etch results are obtained in CH4–H2-based plasmas
due to the formation of more volatile (CH3)3In etch products.[30,75]

The source of reactive plasma species and the addition of secondary
gases to the plasma can vary etch rates, anisotropy, selectivity and mor-
phology.  The fragmentation pattern and gas-phase kinetics associated with
the source gas can have a significant effect on the concentration of reactive
neutrals and ions generated in the plasma, thus affecting the etch charac-
teristics.  Secondary gas additions and variations in gas ratios can change
the chemical:physical ratio of the etch mechanism.  The effect of Ar, SF6,
N2 and H2 additions to Cl2- and BCl3-based ICPs and ECR plasmas for GaN
etching has been reported.[76]  In general, GaN etch rates were faster in
Cl2-based plasmas compared with BCl3 due to a higher concentration of re-
active Cl.  The addition of H2, N2 or SF6 to either Cl2- or BCl3-based plas-
mas changed the relative concentration of reactive Cl in the plasma, which
directly correlated to the GaN etch rate.  For example, in Figure 2.11, GaN
etch rates are shown as a function of H2 concentration for ECR- and ICP-
generated Cl2–H2–Ar plasmas.  GaN etch rates in the ECR and ICP in-
creased slightly as H2 was initially added to the Cl2–Ar plasma, indicating a
reactant-limited regime.  Monitoring the ECR plasma with quadrupole
mass spectrometry (QMS) showed that the Cl concentration (indicated by
m/e=35) remained relatively constant at 10% H2.  As the H2 concentration
was increased above 10%, the Cl concentration decreased and a peak corre-
sponding to HCl increased.  GaN etch rates decreased at H2 concentrations
>10% in both the ECR and ICP, presumably due to the consumption of re-
active Cl by hydrogen.  In Figure 2.12, H2 was added to BCl3-based ECR
and ICP plasmas.  In the ECR plasma, the GaN etch rate increased at 10%
H2, corresponding with an increase in the reactive Cl concentration as ob-
served by Optical Emission Spectroscopy (OES).  As the H2 concentration
was increased further, GaN etch rates decreased, the Cl concentration de-
creased, and the HCl concentration increased, presumably due to the con-
sumption of reactive Cl by hydrogen.  In the ICP reactor, GaN etch rates
were slow and decreased as up to 80% hydrogen was added to the plasma,
where a slight increase was observed.
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Figure 2.11. GaN etch rates in an ICP and ECR Cl2H2–Ar plasma as a function of hydrogen
conservation

Figure 2.12. GaN etch rates in an ICP and ECR BCl3–H2–Ar plasma as a function of hydro-
gen conservation
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Another example of plasma chemistry-dependent etching of GaN is
shown in Figure 2.13 for Cl2–N2–Ar and BCl3–N2–Ar ICP-generated plas-
mas.  In the Cl2-based plasma, GaN etch rates decreased as the percentage
of N2 increased, presumably due to a reduction in reactive Cl.  In the BCl-
based plasma, GaN etch rates increased up to 40% N2 and then decreased at
higher N2 concentration.  This observation has also been reported for ECR
and ICP etching of GaAs, GaP and In-containing films.[77–79]  Ren et. al.
[77] first observed maximum etch rates for In-containing films (InGaN and
InGaP) in an ECR discharge at a gas ratio of 75/25 for BCl3/N2. Using opti-
cal emission spectroscopy (OES), Ren reported maximum emission inten-
sity for atomic and molecular Cl at 75% BCl3 as well as a decrease in the
BCl3 intensity and the appearance of a BN emission line.  The authors
speculated that N2 enhanced the dissociation of BCl3, resulting in higher
concentrations of reactive Cl and Cl ions and thus higher etch rates.  Addi-
tionally, the observation of BN emission suggested that less B was avail-
able to recombine with reactive Cl.  This explanation may also be applied
to the peak GaN etch rates observed at 40% N2 in the ICP BCl3–N2–Ar
plasmas.  However, OES of the BCl3–N2–Ar ICP discharge did not reveal
higher concentrations of reactive Cl nor a BN peak emission.  In Figure
2.14, OES spectra are shown for (a) 100% BCl3 (b) 75% BCl3–25% N2, (c)
25% BCl3–75% N2 and (d) 100% N2 ICPs.  As N2 was added to the BCl3

plasma, the BCl3 emission (2710 Å) and Cl emission (5443 and 5560 Å)
decreased but the BN emission (3856 Å) was not obvious.

BCl3–Cl2 plasmas have shown encouraging results in the etching of GaN
films.[45,52]  The addition of BCl3 to a Cl2 plasma can improve sputter de-
sorption due to higher mass ions and reduce surface oxidation by gettering
H2O from the chamber.  In Figure 2.15, GaN etch rates are shown as a
function of percentage of Cl2 in a BCl3–Cl2–Ar ICP.  As the percentage Cl2

increased, GaN etch rates increased up to 80% due to higher concentrations
of reactive Cl.  OES showed that the Cl emission intensity increased and
the BCl emission intensity decreased as the percentage Cl2 increased.
Slower GaN etch rates in a pure Cl2 plasma were attributed to less efficient
sputter desorption of etch products in the absence of BCl3.  Similar results
were reported by Lee et. al.[45]  The fastest GaN etch rates were observed
at 10% BCl3, where the ion current density and Cl radical density were the
greatest as measured by OES and a Langmuir probe.
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Figure 2.13. GaN etch rates as a function of percentage N2 for ICP-generated Cl2- and BCl3-
based plasmas

Figure 2.14. OES spectra for an ICP-generated BCl3–N2 plasma as a function of percentage
BCl3
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Figure 2.15. GaN etch rates in an ICP BCl3–Cl2 plasmas as a function of Cl2

In general, GaN:AlN and GaN:InN etch selectivities are <10:1 as a func-
tion of plasma chemistry for Cl2- or BCl3-based plasmas.  GaN:AlN and
GaN:InN etch selectivities were higher for Cl2-based ICPs compared with
BCl3-based ICP due to the higher concentration of reactive Cl produced in
the Cl2-based plasmas, thus resulting in faster GaN etch rates.[71]  Alterna-
tively, InN and AlN etch rates showed much less dependence on plasma
chemistry and were fairly comparable in Cl2- and BCl3-based plasmas.  An
example of etch selectivity dependence on plasma chemistry is shown in
Figure 2.16.  GaN, AlN and InN etch rates and etch selectivities are plotted
as a function of percentage SF6 for a Cl2–SF6–Ar ICP.  GaN and InN etch
rates decreased as SF6 was added to the plasma due to the consumption of
Cl by S and, therefore, lower concentrations of reactive Cl.  The AlN etch
rates increased with the addition of SF6 and reached a maximum at 20%
SF6.  As SF6 was added to the Cl2 plasma, slower AlN etch rates were ex-
pected due to the formation of low-volatility AlF3 etch products.  However,
due to the high ion flux in the ICP, the sputter desorption of the AlF3 may
occur prior to passivation of the surface.[68]  Therefore, the GaN:AlN se-
lectivity decreased rapidly from ~6:1 to <1:1 with the addition of SF6.  The
GaN:InN selectivity reached a maximum of 4:1 at 20% SF6.
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Figure 2.16. GaN, InN and AlN (a) etch rates and (b) GaN:AlN and GaN:InN etch selec-
tivities as a function of SF6 conservation in a Cl2–SF6–Ar ICP

The simple Cl2–Ar chemistry works very well for most device fabrica-
tion processes, providing controllable etch rates.  Even at biases <90 V, the
GaN etch rate is still typically ~1000Å·min–1.

2.4.2 Iodine- and Bromine-Based Plasmas

Other halogen-containing plasmas including ICl–Ar, IBr–Ar, BBr3–Ar and
BI3–Ar have been used to etch GaN with promising results.[38,67,80–82]
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Vartuli et.al. [83] reported GaN, InN, AlN, InN, InAlN and InGaN etch
rates and selectivities in ECR ICl–Ar and IBr–Ar plasmas. In general, etch
rates increased for all films as a function of dc bias due to improved Group
III–N bond breaking and sputter desorption of etch products from the sur-
face.  GaN etch rates >1.3 μm/min were obtained in the ICl–Ar plasma at a
rf power of 250 W (bias of –200 V), while GaN etch rates were typically
<4000 Å/min in IBr–Ar.  Cho et al. [82] reported GaN etch rates typically
<2000 Å/min in ICP-generated BI3–Ar and BBR3–Ar plasmas.  ICl–Ar and
IBr–Ar ECR plasmas yielded GaN:InN, GaN:AlN, GaN:InGaN and
GaN:InAlN selectivities <6:1; however, etch selectivities >100:1 were ob-
tained for InN:GaN and InN:AlN in BI3–Ar plasmas.[67,68,80–82]  Fast
etch rates obtained for InN were attributed to the high volatility of the InI3

etch products compared with the GaI3 and AlI3 etch products, which can
form passivation layers on the surface.  Maximum selectivities of ~100:1
for InN:AlN and ~7.5 for InN:GaN were reported in the BBr3–Ar
plasma.[82]  InIx products have higher volatility than corresponding InGlx

species, making iodine an attractive enchant for InGaN alloys.  The inter-
halogen compounds are weakly bonded and, therefore, should easily break
apart under plasma excitation to form reactive iodine, bromine and chlo-
rine.

Figure 2.17 shows etch rates for the binary nitrides and selectivities for
InN over both GaN and AlN as a function of the boron halide percentage
by flow in the gas load.  The dc chuck self-bias decreases as the BI3 content
increases, suggesting that the ion density in the plasma is increasing.  The
InN etch rate is proportional to the BI3 content, indicating the presence of a
strong chemical component in its etching.  In comparison, AlN and GaN
show very low rates until ~50% BI3 (~500 Å/min–1 for AlN and ~1700
Å/min–1 for GaN).  An increase in the BI3 content in the discharges actually
produces a fall off in the etch rate for both AlN and GaN.  We expect there
are several possible mechanisms by which to explain these data.  First, the
decrease in chuck self-bias, and hence ion energy, under these conditions
may more than compensate for the higher active iodine neutral flux.  Sec-
ond, the formation of the less volatile GaIx and AlIx etch products may cre-
ate a selvedge layer which suppresses the etch rate.  This mechanism occurs
in the Cl2 reactive ion etching of InP.  In this system, etching does not oc-
cur unless elevated sample temperatures or higher dc biases are used to fa-
cilitate removal of the InCl3 etch product.  In InN, etch selectivity to both
materials initially increases but also goes through a minimum.  Note, how-
ever, that selectivities of >100 can be achieved for both InN:AlN and
InN:GaN.
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Figure 2.17. Nitride etch rates (top) and etch selectivities for InN:AlN and InN:GaN (bot-
tom in BI3–Ar or BBr3–Ar discharges (750 W source power, 5 mTorr) as a function of the
boron halide content

Data for BBr3–Ar discharges are also shown in Figure 2.17 for fixed
source power (750 W) and rf chuck power (350 W).  Higher rf powers were
required to initiate etching with BBr3 compared with BI3, and the dc self-
bias increased with the BBr3 content.  The etch rate of InN is again a strong
function of the boron halide content, GaN shows significant rates (~1800
Å/min–1) only for pure BBr3 discharges, and AlN shows very low etch rates
over the whole range of conditions investigated.  Maximum selectivities of
~100:1 for InN:AlN and ~7.5:1 for InN:GaN are obtained.

Based on the results in Figure 2.17, we chose fixed plasma compositions,
and varied the ion energy and flux through control of the source and chuck
powers.  Figure 2.18 shows that source power had a significant effect only
on the InN etch rate for both 4BI3/6Ar and 4BBr3/6Ar discharges at fixed rf
power (150 W).  The etch rate of InN continues to increase with source
power, which controls the ion flux and dissociation of the discharge,
whereas the GaN and AlN rates are low for both plasma chemistries.  The
InN etch rates are approximately a factor of two faster in BI3–Ar than in
BBr3–Ar, even for lower rf chuck powers.  This is expected from taking
into consideration the relative stabilities of the respective In etch products
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(the InI3 melting point is 210oC; InBr3 sublimes at <600oC).  The resultant
selectivities are shown at the bottom of Figure 2.18; once again, a value of
~100:1 for InN over GaN is achieved with BI3, whereas BBr3 produced
somewhat lower values.

Figure 2.18. Nitride etch rates (top) and etch selectivities for InN:AlN and InN:GaN (bot-
tom) in BI3–Ar or BBr3–Ar discharges as a function of source power

The dependence of the etch rate and InN:AlN and InN:GaN selectivities
on rf chuck power for both plasma chemistries at fixed source power (750
W) is shown in Figure 2.19.  Whereas the GaN and AlN etch rates (top left)
increase only at the highest chuck powers investigated for 4BI3/6Ar dis-
charges, the InN etch rate increases rapidly to 250 W.  This is consistent
with a strong ion-assisted component for the latter under these conditions.
The subsequent decrease in the etch rate at higher power produces corre-
sponding maxima (≥100) in etch selectivity for chuck powers in the range
150–250 W.  This type of behavior is quite common to high-density plasma
etching of III–V materials, where the etching is predominantly ion-assisted
desorption of somewhat volatile products, with insignificant rates under
ion-free conditions.  In this scenario, at very high ion energies, the active
etching species (iodine neutral in this case) can be removed by sputtering
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before they have a chance to complete the reaction with substrate atoms.
Similar data for BBr3–Ar mixtures are also shown in Figure 2.19.  For this
chemistry the InN etch rate saturates and we did not observe any reduction
in etch rate, although this might be expected to occur if higher powers
could be applied (our power supply is limited to 450 W).  GaN does show
an etch rate maximum at ~350 W, producing a minimum in the resultant
InN:GaN selectivity.  The etch selectivity of InN over the other two nitrides
for BI3–Ar is again much higher than for BBr3–Ar.

Figure 2.19. Nitride etch rates (top) and etch selectivities for InN:AlN and InN:GaN (bot-
tom) in BI3–Ar or BBr3–Ar discharges as a function of rf chuck power

The effect of plasma composition on etch rates and selectivities if GaN,
AlN and InN in ICl–Ar and IBr–Ar discharges at 750 W source power, 250
W rf chuck power and 5 mTorr is shown in Figure 2.20.  The etch rates of
InN and AlN are relatively independent of the plasma composition for both
chemistries over a broad composition range, indicating the etch mechanism
is dominated by physical sputtering.  The dc bias voltage increased with in-
creasing interhalogen concentrations.  The decrease in ion flux also implies
an increase in the concentrations of neutral species such as Cl, Br and I.
The etch rate of GaN steadily increased with increasing ICl concentration.
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By contrast, the etch rate of GaN saturated beyond 66.7% IBr.  These re-
sults indicate that etching of GaN in both chemistries can be attributed
more to chemical etching by increased concentrations of reactive neutrals
than to ion-assisted sputtering.  The effect of plasma composition showed
an overall trend of decrease in selectivities for InN over both AlN and GaN
as the concentration of ICl and IBr increased.

Figure 2.20. Nitride etch rates (top) and etch selectivities for InN–AlN and InN–GaN (bot-
tom) in ICl–Ar or IBr–Ar discharges (750 W source power, 250 W rf chuck power, 5
mTorr) as a function of interhalogen content

2.4.3 Methane–Hydrogen–Argon Plasmas

ECR-generated CH4–H2–Ar plasma etch rates for GaN, InN and AlN were
<400 Å/min at ~–250 V dc bias.[30]  Vartuli et al. [83] reported ICP GaN,
InN and AlN etch rates approaching 2500 Å/min in CH4–H2Ar and CH4–
H2–N2 plasmas.  Etch rates increased with increasing dc bias or ion flux and
were higher in CH4–H2–Ar plasmas.  Anisotropy and surface morphology
were good over a wide range of conditions.  Compared with Cl-based
plasmas, etch rates were consistently slower, which may make the CH4–H2-
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based processes applicable for devices where etch depths are relatively
shallow and etch control is extremely important.

Vartuli et. al. [68] compared etch selectivities in CH4–H2–Ar and Cl2–Ar
plasmas in both RIE- and ECR-generated plasmas.  For CH4–H2–Ar plas-
mas, InN:GaN and InGaN:GaN etch selectivities ranged from 1:1 to 6:1,
whereas etch selectivities of 1:1 or favoring GaN over the In-containing
films were reported for Cl2–Ar plasmas.

2.5 Etch Profile and Etched Surface Morphology

Etch profile and etched surface morphology can be critical to post-etch
processing steps, including the formation of metal contacts, deposition of
interlevel dielectric or passivation films, or epitaxial regrowth.  Figure 2.21
shows SEM micrographs of GaN, AlN and InN etched in Cl2-based plasma.
The GaN (Figure 2.21(a)) was etched at 5 mTorr chamber pressure, 500 W
ICP power, 22.5 sccm Cl2, 2.5 sccm H2, 5 sccm Ar, 25oC, and a dc bias of –
280±10 V.  Under these conditions, the GaN etch rate was ~6880 Å/min
with highly anisotropic, smooth sidewalls.  The sapphire substrate was ex-
posed during a 15% overetch.  Pitting of the sapphire surface was attributed
to defects in the substrate or growth process.  The AlN (Figure 2.21(b)) and
InN (Figure 2.21(c)) features were etched at 2 mTorr chamber pressure,
500 W ICP power, 25 sccm Cl2, 5 sccm Ar, 25oC, and a cathode rf power of

Figure 2.21. SEM micrographs of (a) GaN, (b) AlN, and (c) InN etched in Cl2-based
ICP plasmas
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250 W.  Under these conditions, the AlN etch rate was ~980 Å/min and the
InN etch rate was ~1300 Å/min.  Anisotropic profiles were obtained over a
wide range of plasma chemistries and conditions, with sidewall striations
present.

Sidewall morphology is especially critical in the formation of laser me-
sas for ridge waveguide emitters or for buried planar devices.  The vertical
striations observed in the GaN sidewall in Figure 2.21(a) were due to stria-
tions in the photoresist mask which were transferred into the GaN feature
during the etch.  The sidewall morphology, and in particular the vertical
striations, was improved in a Cl2–BCl3 ICP at –150 V dc bias.  The etch
conditions were at 2 mTorr chamber pressure, 500 W ICP power, 32 sccm
Cl2, 8 sccm BCl3, 5 sccm Ar, 25oC, and a dc bias of –150±10 V.  Ren et
al.[84] have demonstrated improved GaN sidewall morphology etched in
an ECR using an SiO2 mask. Vertical striations in the SiO2 mask were re-
duced by optimizing the lithography process used to pattern the SiO2.  The
SiO2 was then patterned in an SF6–Ar plasma in which a low-temperature
dielectric overcoat was used to protect the resist sidewall during the etch.

In several studies, AFM has been used to quantify the etched surface
morphology as RMS roughness.  Rough etch morphology often indicates a
nonstoichiometric surface due to preferential removal of either the Group
III or Group V species.

A summary of etch rate results for the nitrides with different chemistries
and different techniques is shown in Table 2.2.
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Table 2.2. Summary of etch rate results for GaN, AlN and InN with different
plasma chemistries in different techniques

2.6 Plasma-Induced Damage

Plasma-induced damage often degrades the electrical and optical properties
of compound semiconductor devices.  Since GaN is more chemically inert
than GaAs and has higher bonding energies, more aggressive etch condi-

Etch rate (nm/min) at given bias
Gas

chemistry Etching

technique
GaN Ref. AlN Ref. InN Ref.

SiCl4 [w/Ar, SiF4] RIE 55 –400 V (18) – – – –

BCl3 RIE 105 –230 V (26) – – – –

HBr [w/Ar, H2] RIE 60 –400 V (27) – – – –

CHF3, C2ClF5 RIE 45 500 W (28) – – – –

SF6 RIE 17 –400 V (27) – – – –

CHF3, C2ClF5 RIE 60 –500 V (28) – – – –

BCl3–Ar ECR 30 –250 V (29) 17 –250 V (29) 17 –300 V (29)

CCl2F2–Ar ECR 20 –250 V (29) 18 –300 V (29) 18 –300 V (29)

CH4–H2–Ar ECR 40 –250 V (20) 2.5 –300 V (29) 10 –300 V (29)

Cl2–H2–Ar ECR 200 –180 V (32) 110 –150 V (32) 150 –180 V (32)

SiCl4–Ar ECR 95 –280 V (35) – – – –

Hl–H2 ECR 110 –150 V (15) 120 –150 V (15) 100 –150 V (15)

HBr–H2 ECR 70 –150 V (15) 65 –150 V (15) 17 –150 V (15)

ICl–Ar ECR 1300 –275 V (38) 200 –272 V (38) 1150 –275 V (38)

IBr–Ar ECR 300 –170 V (67) 160 –170 V (67) 325 –170 V (67)

BCl3 MRIE 350 <–100
V

(57) 125 <–100
V

(15) 100 <–100
V

(15)

Cl2–H2–Ar ICP 688 –280 V (44) – – – –

Cl2–Ar ICP 980 –450 V (53) 670 –450 V (53) 150 –100 V (48)

Cl2–N2 ICP 65 –100 V (48) 39 –100 V (48) 30 –100 V (48)

BBr3 ICP 150 –380 (49) 50 –200 (49) 500 –380 (49)

BI3 ICP 200 –175 (49) 100 –175 (49) 700 –240 (49)

ICl ICP 30 –300 (49) 30 –300 (49) 600 –300 (49)

IBr ICP 20 –300 (49) 30 –300 (49) 600 –300 (49)

Ar ion Ion
milling

110 500 eV (19) 29 500 eV (25) 61 500 eV (25)

Cl2 [Ar ion] CAIBE 210 500 eV (59) 62 500 eV (26) – –

HCl [Ar ion] CAIBE 190 500 eV (58) – – – –

Cl2 RIBE 150 500 eV (50) – – – –

HCl RIBE 130 500 eV (50) – – – –

Cl2–Ar RIBE 50 –400 (50) 50 –400 (50) 80 –400 (50)

HCl Photo-
asisted

0.04Å/pulse (66) – – – –

H2, Cl2 LE4 50–7 1–15 eV (64,
65)

– – – –
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tions (higher ion energies and plasma flux) may be used with potentially
less damage to the material.   Limited data have been reported for plasma-
induced damage of the Group III nitrides.[85–88]  Pearton and et al. [85]
reported increased plasma-induced damage as a function of ion flux and ion
energy for InN, InGaN and InAlN in an ECR.  The authors also reported:
(a) more damage in InN films compared with InGaN; (b) more damage in
lower doped materials; (c) more damage under high ion energy conditions
due to formation of deep acceptor states which reduce the carrier mobility
and increased resistivity.  Post-etch annealing processes removed the dam-
age in the InGaN, whereas the InN damage was not entirely removed.

Ren et al. [86] measured electrical characteristics for InAlN and GaN
FET structures to study plasma-induced damage for ECR BCl3, BCl3–N2

and CH4–H2 plasmas.  They reported: (a) doping passivation in the channel
layer in the presence of hydrogen; (b) high ion bombardment energies can
create deep acceptor states that compensate the material; (c) preferential
loss of N can produce rectifying gate characteristics.  Ping et al. [87] stud-
ied Schottky diodes for Ar and SiCl4 RIE plasmas.  More damage was ob-
served in pure Ar plasmas and under high dc bias conditions.  Plasma-
induced damage of GaN was also evaluated in ICP and ECR Ar plasma
using photoluminescence (PL) measurements as a function of cathode rf
power and source power.[88]  The peak photoluminescence (PL) intensity
decreased with increasing ion energy independent of etch technique.  As a
function of source power or plasma density the results were less consistent.
The PL intensity showed virtually no change at low ICP source power and
then decreased as the plasma density increased.  In the ECR plasma, the PL
intensity increased by ~115% at low ECR source power and improved at
higher ECR source powers but at a lower rate.  The effect of post-etch an-
nealing in Ar varied depending on initial film conditions; however, an-
nealing at temperatures above 440oC resulted in a reduction in the PL inten-
sity.

Surface stoichiometry can also be used to evaluate plasma-induced dam-
age.  Nonstoichiometric surfaces can be created by preferential loss of one
of the lattice constituents.  This may be attributed to higher volatility of the
respective etch products, leading to enrichment of the less volatile species,
or preferential sputtering of the lighter element. AES can be used to meas-
ure surface stoichiometry.  Figure 2.22 shows characteristic Auger spectra
for (a) as-grown GaN samples and samples exposed to an ECR plasma at
850 W applied microwave power and cathode rf powers of (b) 65 and (c)
275 W.  For the as-grown sample, the Auger spectrum showed a Ga:N ratio
of 1.5 with normal amounts of adventitious carbon and native oxide on the
GaN surface.  Following plasma exposure, the Ga:N ratio increased as the
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cathode rf power increased with some residual atomic Cl from the plasma.
Under high ion energy conditions, preferential removal of the lighter N at-
oms was observed, resulting in Ga-rich surfaces.

Figure 2.22. AES surface scans of GaN (a) before exposure to the plasma, (b) at 65 W (–
120 V bias), and (c) 275 W rf-cathode power (–325 V bias), 1 mTorr, 170oC, and 850 W mi-
crowave power in an ECR-generated Cl2–H2 discharge

2.6.1 n-Gallium Nitride

The etching requirements for electronic devices are more demanding than
those for photonic devices, at least from the electrical quality viewpoint.
One of the most sensitive tests of near-surface electrical properties is the
quality of rectifying contacts deposited on the etched surface.  There has
been relatively little work in this area to date.  Ren and co-workers [84,86]
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found that rectifying contacts on ECR plasma etched GaN and InAlN sur-
faces were very leaky, though some improvement could be obtained by
post-etch annealing at 400oC.  Ping et al.[87] found that n-GaN surfaces
had poor Schottky contact properties, but that plasma chemistries with a
chemical component (e.g. Cl2-based mixtures) produced less degradation
than purely physical etching.

The layer structure and contact metals are shown schematically in Figure
2.23.  The GaN was grown by rf plasma-assisted MBE on c-plane Al2O3

substrates.  The Ti–Au ohmic contracts were patterned by lift-off and an-
nealed at 750oC, producing contact resistances in the 10–5 Ω cm–2 range.
Samples were exposed to either pure N2 or H2 discharges in a Plasma
Therm 790 ICP system at a fixed pressure of 5 mTorr.  The gases were in-
jected into the ICP source at a flow rate of 15 sccm.  The experimentally
varied parameters were source power (300–1000 W) and rf chuck power
(40–250 W), which control ion flux and ion energy respectively.  In some
cases the samples were either annealed in N2 for 30 s at 300–850oC, or
photoelectrochemically etched in 0.2 M KOH solutions at 25oC after
plasma exposure.  The Pt–Au Schottky metallization was then deposited
through a stencil mask by e-beam evaporation.  Current–voltage character-
istics were recorded on an HP4145A parameter analyzer, and we defined
the reverse breakdown voltage VB as the voltage at which the leakage cur-
rent was 10–3 A.  We found in all cases that plasma exposure caused sig-
nificant increases in forward and reverse current, with ideality factors in-
creasing from typical values of 1.4–1.7 on control samples to >2.  For this
reason we were unable to extract meaningful values of either ideality factor
or barrier height.

Figure 2.23. Schematic of GaN Schottky diode structure
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Figure 2.24 shows a series of I–V characteristics from the GaN diodes
fabricated on samples exposed to either H2 or N2 discharges at different
source powers.  It is clear that N2 plasma exposure creates more degrada-
tion of the diode characteristics than does H2 exposure.  This implicates the
ion mass (28N2

+, 2H2
+ for the main positive ion species) as being more im-

portant in influencing the electrical properties of the GaN surface than a
chemical effect, since H2 would be likely to preferentially remove nitrogen
from the GaN as NH3.

Figure 2.24. I–V characteristics from GaN diodes before and after H2 (top) or N2 (bottom)
plasma exposure (150 W rf chuck power, 5 mTorr) at different ICP source powers

The variations of VB of the diodes with the source power during plasma
exposure are shown in Figure 2.25.  For any exposure to the N2 discharges
VB is severely reduced.  By contrast, there is less degradation with the H2

plasma to the lower average ion energy at those conditions, as shown at the
bottom of Figure 2.25.  The average ion energy is approximately equal to
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the sum of dc self-bias and plasma potential, with the latter being in the
range –22 to –28 V as determined by Langmuir probe measurements.  Ion-
induced damage in GaN displays n-type conductivity and, in addition, the
heavy N2

+ ions are also more effective in preferential sputtering of the N
relative to Ga, compared with the H2

+ ions of similar energy.

Figure 2.25. Variation of VB in GaN diodes (top) and dc chuck self-bias (bottom) as a func-
tion of ICP source power in H2 or N2 plasmas (150 W rf chuck power, 5 mTorr)

Similar conclusions can be drawn from the data on the effect of increas-
ing rf chuck power.  There were once again very severe decreases in break-
down voltage and increase in leakage current. The VB values fall by more
than a factor of two even for very low self-biases, and emphasize how sen-
sitive the GaN surface is to degradation by energetic ion bombardment.
The degradation saturates beyond ~100 W chuck power, corresponding to
ion energies of ~175 eV.  We assume that, once the immediate surface be-
comes sufficiently damaged, the contact properties basically cannot be
made any worse and the issue is then whether the damage depth increases
with the different plasma parameters.  Since ion energy appears to be a
critical factor in creating the near-surface damage, we would expect dam-
age depth to increase with ion energy in a nonetching process.  In the case
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of simultaneous etching and damage creation (e.g. in Cl2–Ar etch process-
ing), higher etch rates would lead to lower amounts of residual damage be-
cause the disordered region would be partially removed.

The damage depth was established by photoelectrochemically wet etch-
ing different amounts of the plasma-exposed GaN surfaces, and then de-
positing the Pt–Au metal.  Figure 2.26 (top) shows the effect on the I–V
characteristics of this removal of different depths of GaN.  There is a grad-
ual restoration of the reverse breakdown voltage, as shown at the bottom of
the figure.  Note that the forward part of the characteristics worsens for re-
moval of 260 Å of GaN, and shows signs of high series resistance.  This
would be consistent with the presence of a highly resistive region under-
neath the conducting near-surface layer, created by point-defect diffusion
from the surface.  A similar model applies to ion-damaged InP, i.e. a

Figure 2.26. I–V characteristics from N2-plasma-exposed GaN diodes before and after wet
etch removal of different amounts of GaN prior to deposition of the Schottky contact (top)
and variation of VB as a function of the amount of material removed (bottom)
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nonstoichiometric near-surface region (deficient in P in that case),[89] fol-
lowed by a transition to a stoichiometric but point-defect-compensated re-
gion, and finally to unperturbed InP.

The fact that plasma exposure severely degraded the surface was clear
from the AFM data.  Exposure to the 500 W source power, 150 W rf chuck
power (dc self-bias –221 V), 5 mTorr N2 discharge increased the RMS sur-
face roughness from 0.8 to 4.2 nm.  Subsequent photoelectrochemical
etching restored the initial morphology.  However, we observed the onset
of increasingly rough surfaces for deeper etch depths,[90] reducing a rela-
tively inaccurate measure of how much of the surface had to be removed in
order to restore the diode breakdown voltage to its original value.  We were
able to estimate this depth as ~600 ± 150 Å for the N2 plasma conditions
mentioned above.

Another method for trying to restore the electrical properties of the
plasma-exposed surface is annealing.  I–V data from annealed samples are
shown in Figure 2.27.  At the top are characteristics from samples which
were plasma exposed (N2, 500 W source power, 150 W rf chuck power, 5
mTorr), then annealed and the contact deposited.   These samples show that
increasing annealing temperature up to 750oC brings a substantial im-
provement in VB (Figure 2.27, bottom).  However, for annealing at 850oC
the diode began to degrade, which is consistent with the temperature at
which N2 begins to be lost from the surface.  In the case where the samples
were exposed to the N2 plasma, and then the Pt–Au contact was deposited
prior to annealing, the I–V characteristics show continued worsening upon
annealing (Figure 2.27, center).  In this case, the Pt–Au contact is stable to
700oC on unetched samples.  The poorer stability in etched samples could
be related to the surface damage enhancing interfacial reaction between the
Pt and GaN.

The main findings of this study can be summarized as follows:
1. There is a severe degradation in the electrical quality of GaN surfaces

after ICP H2 or N2 discharge exposure.  Under all conditions there is a
strong reduction of VB in diode structures, to the point at which the
Schottky contacts show almost ohmic-like behavior.  These observa-
tions are consistent with the creation of a conducting n-type surface
layer resulting from energetic ion bombardment.  Heavier ions (N2

+)
create more damage than lighter ions (H2

+) in this situation, where
damage is accumulating without any concurrent etching of the surface.
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Figure 2.27. I–V characteristics from GaN diodes before and after N2 plasma exposure (500
W source power, 150 W rf chuck power, 5 mTorr) and subsequent annealing either prior
(top) or subsequent (center) to the deposition of the Schottky metallization.  The variation of
VB in the samples annealed prior to metal deposition is shown at the bottom of the figure
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2. The depth of the damage is approximately 600 Å, as judged by the re-
turn of the diode characteristics to their control values.

3. Annealing at 750oC is also effective in helping remove the effects of
plasma exposure.  Higher temperatures lead to degradation in GaN di-
ode properties for uncapped anneals.

2.6.2 p-Gallium Nitride

The layer structure consisted of 1 μm of undoped GaN (n 5×1016 cm–3)
grown on a c-plane Al2O3 substrate, followed by 0.3 μm of Mg-doped
(p 1017 cm–3) GaN.  The samples were grown by rf plasma-assisted MBE.
Ohmic contacts were formed with Ni–Au deposited by e-beam evaporation,
followed by lift-off and annealing at 750oC.  The GaN surface was then ex-
posed for 1 min to ICP H2 or Ar plasmas in a Plasma-Therm 790 System.
The 2 MHz ICP source power was varied from 300 to 1400 W, while the
13.56 MHz rf chuck power was varied from 20 to 250 W.  The former pa-
rameter controls the ion flux incident on the sample, and the latter controls
the average ion energy.  Prior to deposition of 250 μm diameter Ti–Pt–Au
contacts through a stencil mask, the plasma-exposed surfaces were either
annealed under N2 in a rapid thermal annealing system, or immersed in
boiling NaOH solutions to remove part of the surface.  As reported previ-
ously, it is possible to etch damaged GaN in a self-limiting fashion in hot
alkali or acid solutions.  The I–V characteristics of the diodes were re-
corded on an HP 4145A parameter analyzer. The unetched control diodes
have reverse breakdown voltages of ~2.5–4 V, depending on the wafer –
these values were uniform (±12%) across a particular water.

Figure 2.28 shows the I–V characteristics from samples exposed to either
H2 (top) or Ar (bottom) ICP discharges (150 W rf chuck, 2 mTorr) as a
function of source power.  In both cases there is an increase in both the re-
verse breakdown voltage and the forward turn-on voltage, with these pa-
rameters increasing monotonically with the source power during plasma
exposure.
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Figure 2.28. I–V characteristics from samples exposed to either H2 (top) or Ar (bottom) ICP

discharges (150 W rf chuck power) as a function of ICP source power prior to deposition of

the Ti–Pt–Au contact

Figure 2.29 shows this increase in breakdown voltage as a function of

source power, and also the variation of the chuck dc self-bias.  As the

source power increases, the ion density also increases and the higher

plasma conductivity suppresses the dc bias developed.  Note that the break-

down voltage of the diodes continues to increase even as this bias (and

hence ion energy, which is the sum of this bias and the plasma potential)

decreases.  These results show that ion flux plays an important role in the

change of diode electrical properties.  The other key result is that Ar leads

to consistently more of an increase in breakdown voltage, indicating that

ion mass is important rather than any chemical effect related to removal of

N2 or NH3 in the H2 discharges.
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Figure 2.29. Variation of diode breakdown voltage in samples exposed to H2 or Ar ICP dis-

charges (150 W rf chuck power) at different ICP source powers prior to deposition of the

Ti–Pt–Au contact.  The dc chuck self-bias during plasma exposure is also shown

The increase in breakdown voltage on the p-GaN is due to a decrease in

hole concentration in the near-surface region through the creation of shal-

low donor states.  The key question is whether there is actually conversion

to an n-type surface under any of the plasma condition.  Figure 2.30 shows

the forward turn-on characteristics of the p-GaN diodes exposed to differ-

ent source power Ar discharge at low source power (300 W); the turn-on

remains close to that of the unexposed control sample.  However, there is a

clear increase in the turn-on voltage at higher source powers, and in fact at

750 W the characteristics are those of an n–p junction.  Under these con-

ditions the concentration of plasma-induced shallow donors exceeds the

hole concentration and there is surface conversion.  In other words, the

metal–p-GaN diode has become a metal–n-GaN–p-GaN junction.  We al-

ways find that plasma-exposed GaN surfaces are N2 deficient relative to

their unexposed state; therefore, the obvious conclusion is that nitrogen va-

cancies create shallow donor levels.  This is consistent with thermal an-

nealing experiments, in which N2 loss from the surface produced increased

n-type conduction.

Page 146 of 383



136      Dry Etching of Gallium Nitride and Related Materials

Figure 2.30. Forward turn-on characteristics of diodes exposed to ICP Ar discharges (150

W rf chuck power) at different ICP source powers prior to deposition of the Ti–Pt–Au con-

tact

An important concern is the depth of the plasma-induced damage.  We

found we were able to etch p-GaN very slowly in boiling NaOH solutions,

at rates that depended on the solution molarity (Figure 2.31) even without

any plasma exposure of the material.  This enabled us to measure directly

the damage depth in plasma-exposed samples in two different ways.

The first method involved measuring the etch rate as a function of depth

from the surface.  Defective GaN resulting from plasma, thermal or implant

damage can be wet chemically etched at rates much faster than undamaged

material because the acid or base solutions are able to attack the broken or

strained bonds present.  Figure 2.32 shows the GaN etch rate as a function

of depth in samples exposed to a 750 W source power, 150 W rf chuck

power Ar discharge.  The etch rate is a strong function of the depth from

the surface and saturates between ~425 and 550 Å.  Within this depth range

the etch rate is returned to the “bulk” value characteristic of undamaged p-

GaN.
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Figure 2.31. Wet etching rate of p-GaN in boiling NaOH solutions as a function of solution

molarity

Figure 2.32. Wet etching rate of Ar-plasma-exposed (750 W source power, 150 W rf chuck

power) GaN as a function of depth into the sample
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The second method to establish damage depth, of course, is simply to

measure the I–V characteristics after removing different amounts of mate-

rial by wet etching prior to deposition of the rectifying contact.  Figure 2.33

(top) shows the I–V characteristics from samples exposed to 750 W source

power, 150 W rf chuck power (–160 V dc chuck bias) Ar discharges and

subsequently wet etched to different depths using 0.1 M NaOH solutions

before deposition of the Ti–Pt–Au contact.  Figure 2.33 (bottom) shows the

effect of the amount of material removed on the diode breakdown voltage.

Within the experimental error of 12%, the initial breakdown voltage is re-

established in the range 400–450 Å.  This is consistent with the depth ob-

tained from the etch rate experiments described above.  These values are

also consistent with the damage depths we established in n-GaN diodes ex-

posed to similar plasma conditions.

Figure 2.33. I–V characteristics from samples exposed to ICP Ar discharges (750 W source

power, 150 W rf chuck power) and subsequently wet etched to different depths prior to

deposition of the Ti–Pt–Au contact (top) and breakdown voltage as a function of depth re-

moved (bottom)
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The other method of removing plasma-induced damage is annealing.  In

these experiments we exposed the samples to the same type of plasma (Ar,

750 W source power, 150 W rf chuck power) and then annealed under N2 at

different temperatures.  Figure 2.34 (top) shows the I–V characteristics of

these different samples, and Figure 2.34 (bottom) shows the resulting

breakdown voltages as a function of annealing temperature.  On this wafer,

plasma exposure caused an increase in breakdown voltage from ~2.5 to ~18

V.  Subsequent annealing at 400o
C initially decreased the breakdown volt-

age, but higher temperature produced a large increase.  At temperatures

above 700
o
C, the diode characteristics returned toward their initial values

and were back to the control values by 900
o
C.  This behavior is similar to

that observed in implant-isolated compound semiconductors, where ion

damage compensates the initial doping in the material, producing higher

sheet resistance.  In many instances the damage site density is larger than

that needed to trap all of the free carriers, and trapped electrons or holes

may move by hopping conduction.  Annealing at higher temperatures re-

moves some of the damage sites, but there are still enough to trap all the

conduction electrons/holes.  Under these conditions the hopping conduction

is reduced and the sample sheet resistance actually increases.  At still

higher annealing temperatures the trap density falls below the conduction

electron or hole concentrations and the latter are returned to their respective

bands.  Under these conditions the sample sheet resistance returns to its

pre-implanted value.  The difference in the plasma-exposed samples is that

the incident ion energy is a few hundred electron-volts compared to a few

hundred kilo-electron-volts in implant-isolated material.  In the former

case, the main electrically active defects produced are nitrogen vacancies

near the surface, whereas in the latter case there will be vacancy and inter-

stitial complexes produced in far greater numbers to far greater depths.  In

our previous work on plasma damage [30,31] in n-GaN we found that an-

nealing at ~750o
C almost returned the electrical properties to their initial

values.  If the same defects are present in both n- and p-type materials after

plasma exposure, then this difference in annealing temperature may be a re-

sult of a Fermi level dependence to the annealing mechanism.

The main conclusions of this study may be summarized as follows :

1. The effect of either H2 or Ar plasma exposure on p-GaN surfaces is to

decrease the net acceptor concentration through creation of shallow

donor levels, most likely NV.  At high ion fluxes or ion energies there
can be type conversion of the initially p-type surface.  The change in

electrical properties is more pronounced with Ar than with H2 plasmas

under the same conditions.

2. Two different techniques for measuring the damage depth find it to be

in the range 400–500 Å under our conditions.  After removing this
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amount of GaN, both the breakdown voltage and wet chemical etch

rates are returned to their initial values.

3. Post-etch annealing in N2 at 900
o
C restores the initial breakdown volt-

age on plasma-exposed p-GaN.  Annealing at higher temperatures de-

graded the electrical properties, again most likely due to N2 loss from

the surface.

Figure 2.34. I–V characteristics from samples exposed to ICP Ar discharges (750 W source

power, 150 W rf chuck power) and subsequently annealed at different temperatures prior to

deposition of the Ti–Pt–Au contact (top) and breakdown voltage as a function of annealing

temperature (bottom)
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2.6.3 Schottky Diodes

Contrary to initial expectations, the surface of GaN is relatively sensitive to

energetic ion bombardment or thermal degradation encountered during de-

vice processing.  In particular, it can preferentially lose N2, leaving a strong

n-type conducting region.  While dry etching has been used extensively for

patterning of photonic devices (LEDs and LDs) and optoelectronic devices

(UV detectors), there has been little work performed on understanding the

electrical effects of ion-induced point defects or non-stoichiometric sur-

faces resulting from the plasma exposure.  Several groups have reported in-

creases in sheet resistance of GaN exposed to high-density plasmas, along

with decreases in reverse breakdown voltage VB and reductions in SBH B

in diodes formed on n-type GaN.  In this latter case, low-bias forward cur-

rents were increased up to two orders of magnitude after exposure of the

diode to pure Ar discharges.  Conversely, while the rectifying contact prop-

erties were degraded by plasma exposure, the specific resistance of n-type

ohmic contacts was improved.  Similarly, in p-type GaN, the effect of Ar or

H2 high-density plasma exposure was to decrease the net acceptor concen-

tration to depths of ~500 Å.  At high ion fluxes or energies, there was type

conversion of the initially p-GaN surface.

Dry etching is needed for a range of GaN electronic devices, including

mesa diode rectifiers, thyristors and HBTs for high temperature, high

power operation.  These applications include control of power flow in util-

ity grids, radar and electronic motor drives.  It is critical to understand the

depth and thermal stability of dry etch damage in both n- and p-type GaN

and its effect on the I–V characteristics of simple diode structures.

In this section we report on a comparison of the effects of Cl2–Ar and Ar

ICP exposure on the electrical properties of n- and p-GaN Schottky diodes.

In some cases it was found that Cl2–Ar discharges could produce even more

damage than pure Ar, due to the slightly higher ion energies involved.  The

damage saturates after a short exposure to either Cl2–Ar or Ar discharges

and is significant even for low ion energies.  Annealing between 700 and

800
o
C restored 70% of the reverse breakdown voltage on n-GaN, while

the damage depth was again established to be ~500 Å in p-GaN.

The GaN layers were grown by rf plasma-assisted MBE on c-plane

Al2O3 substrates.  The Ti–Al (for n-type) and Ni–Au (for p-type) ohmic
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 contacts were patterned by lift-off and annealed at 750
o
C.  The samples

were exposed to either 10 Cl2/5 sccm Ar or 15 sccm Ar ICP discharges in a

Plasma-Therm ICP reactor at a fixed pressure of 3 mTorr.   We investigated

a range of rf chuck powers (25–250 W) and etch times (4–100 s), with a

fixed source power of 500 W.  In some cases, the samples were either an-

nealed in N2 for 30 s at 500-800
o
C or wet etching in 0.1 M NaOH solutions

at ~100
o
C after plasma exposure.  The Schottky metallization (Pt–Au in

both cases) was then deposited through a stencil mask (  = 70 or 90 m) by

e-beam evaporation.  I–V characteristics were recorded on an HP 4145A

parameter analyzer, and we defined the reverse breakdown voltage as that

at which the leakage current was 10
–3

A.  The forward on-voltage VF was

defined as the voltage at which the forward current was 100 A·cm
–2

.  In all

cases the ideality factors increased from 1.3–1.6 on control samples to >2

after plasma exposure, and thus we were unable to extract meaningful val-

ues of either barrier height or ideality factor.

Figure 2.35 shows a series of I–V characteristics from n-type GaN di-

odes fabricated on samples exposed to either Cl2–Ar (top) or Ar (bottom)

discharges at different rf chuck powers.  There is a significant reduction in

VB under all conditions, with Ar producing less damage at low chuck pow-

ers.  This is probably related to two factors: the slightly higher chuck bias

with Cl2–Ar due to the lower positive ion density in the plasma (Cl is more

electronegative than Ar) and the heavier mass of the Cl2
+
 ions compared

with Ar
+
.  This is consistent with our past data on the relative effects of N2

and H2 plasma exposure, in which ion mass was found to be more impor-

tant in influencing the electrical properties of the GaN surface than any

chemical effects.

The variations of VB and VF with the rf chuck power during plasma expo-

sure are shown in Figure 2.36 (top).  At powers 100 W, the Cl2–Ar creates

more degradation of VB, as discussed above, while at higher powers the

damage saturates.  The average ion energy is the sum of dc self-bias

(shown at the bottom of the figure) and plasma potential (which is about

22–25 eV under these conditions).  Thus, for ion energies <~150 eV, Ar

produces less damage than Cl2/Ar, even though the etch rate with the latter

is much higher.  This is also reflected in the variation of VF with rf chuck

power.
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Figure 2.35. I–V characteristics from n-GaN samples exposed to ICP Cl2–Ar (top) or Ar

(bottom) discharges (500 W source power) as a function of rf chuck power prior to deposi-

tion of the rectifying contact

Figure 2.36. Variations of VB and VF (top) and of n-GaN etching rate (bottom) as a function

of rf chuck power for n-GaN diodes exposed to ICP Cl2–Ar discharges (500 W source

power)
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Figure 2.37 shows a series of I–V characteristics from n-type GaN di-

odes fabricated on samples exposed to the two different plasmas for differ-

ent times at fixed rf chuck power (150 W) and source power (500 W).  It is

clear that the damage accumulates rapidly, with the I–V characteristics be-

coming linear at longer times.  It should be remembered that this is damage

accumulating ahead of the etch front.

Figure 2.37. I–V characteristics from n-GaN samples exposed to ICP Cl2–Ar (top) or Ar

(bottom) discharges (150 W rf chuck power, 500 W source power) as a function of plasma

exposure time prior to deposition of the rectifying contact

To examine the thermal stability of the etch damage, n-type samples

were exposed to Ar or Cl2–Ar discharges at a fixed source power (500 W)

and rf chuck power 150 W), and then annealed at different temperatures

prior to deposition of the rectifying contact. The annealing produces a sig-

nificant recovery of the electrical properties for samples exposed to either

type of plasma.  The VB values are shown in Figure 2.38, as a function of

post-plasma exposure annealing temperature.  Annealing temperatures be-

tween 700 and 800
o
C restore >70% of the original VB value, but clearly an-

nealing alone cannot remove all of the dry-etch-sinduced damage.  An-

nealing temperatures above 800
o
C were found to lead to preferential loss of

N2 from the surface, with a concurrent degradation in VB.
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Figure 2.38. Variation of VB in n-GaN diodes exposed to ICP Cl2–Ar or Ar discharges (500

W source power, 100 W rf chuck power) with annealing temperature prior to deposition of

the rectifying contact

Turning to p-GaN diodes, Figure 2.39 shows I–V characteristics from

samples that were wet etched to various depths in NaOH solutions after ex-

posure to either Cl2–Ar or Ar discharges (500 W source power, 150 W rf

chuck power, 1 min).  For these plasma conditions we did not observe type

conversion of the surface.  However, we find that the damaged GaN can be

effectively removed by immersion in hot NaOH, without the need for

photo- or electro-chemical assistance of the etching.  The VB values in-

crease on p-GaN after plasma exposure due to introduction of shallow do-

nor states that reduce the wet acceptor concentration.

Figure 2.40 shows two methods for determining the depth of the dam-

aged region in p-GaN diodes.  At top is a plot of the variation of VF and VB

with the depth of material removed by NaOH etching.  The values of both

parameters are returned to their control values by depths of 500–600 Å.

What is clear from this data is that the immediate surface is not where the

p-doping concentration is most affected, since the maximum values peak at

depths of 300–400 Å.  This suggests that NV or other compensating defects

created at the surface diffuse rapidly into this region even near room tem-

perature.  This is consistent with results in other semiconductors, where

damage depths are typically found to be many times deeper than the pro-
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jected range of incident ions.  The bottom part of Figure 2.40 shows the wet

etch depth in plasma-damaged p-GaN as a function of etching time.  The

etch depth saturates at depths of 500–600 Å, consistent with the electrical

data.  It has previously been shown that the wet etch depth on thermally or

ion-damaged GaN was self-limiting.  This is most likely a result of the fact

that defective or broken bonds in the material are readily attached by the

acid or base, whereas in undamaged GaN the etch rate is negligible.

Figure 2.39. I–V characteristics from p-GaN samples exposed to ICP Cl2–Ar (top) or Ar

(bottom) discharges (500 W source power, 150 W rf chuck power) and wet etched in boiling

NaOH to different depths prior to deposition of the rectifying contact
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Figure 2.40. Variation of VB and VF (top) with depth of p-GaN removed by wet etching

prior to deposition of the rectifying contact, and wet etch depth versus etch time in boiling

NaOH solutions for plasma-damaged p-GaN (bottom)

The main findings of our study may be summarized as follows:

1. Large changes in VB and VF of n- and p-GaN Schottky diodes were ob-

served after exposure to both Cl2–Ar and Ar ICP discharges.  In some

cases the electrical properties are more degraded with Cl2–Ar even

though this plasma chemistry has a much higher etch rate.

2. The damage accumulates in the near-surface even for very short expo-

sure times (4 s).  The damage depth was established to be 500–600 Å

from both the changes in electrical properties and the depth depend-

ence of wet etch rate.
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3. Annealing in the range 700–800
o
C partially restores VB in n-GaN di-

odes, but full recovery can only be achieved with an additional wet

etch step for removal of the damaged material.  The combination of

annealing and a wet etch clean-up step looks very promising for GaN

device fabrication.

2.6.4 p-n Junctions

Layer structures were grown by MOCVD on c-plane Al2O3 substrates at

1040
o
C.  The structure consisted of a low-temperature (530

o
C) GaN buffer,

1.2 m of n -GaN (2×10
17

 cm
–3

, Si-doped) 0.5 m of nominally undoped

(n 10
16

 cm
–3

) GaN and 1.0 m of p -GaN (NA 5×10
19

 cm
–3

, Mg-doped).

The p-ohmic metal (Ni–Au) was deposited by e-beam evaporation and lift-

off, then alloyed at 750
o
C.  A mesa was then formed by BCl3/Cl2/Ar (8/32/5

sccm) ICP etching to a depth of 1.6 m under different plasma conditions

in order to examine the effect of ion energy and ion flux.  The ICP reactor

was a load-locked Plasma-Therm SLR 770, which used a 2 MHz, three-turn

coil ICP source.  All samples were mounted using a thermally conductive

paste on an anodized Al carrier that was clamped to the cathode and cooled

with He gas.  The ion energy or dc bias was defined by superimposing an rf

bias (13.56 MHz) on the sample.  The n-type ohmic metallization (Ti–Al)

was then deposited.  Reverse I–V measurements were made on 300 m di-

ameter diodes with an HP 4145B semiconductor parameter analyzer.  In

this study, the reverse leakage current was measured at a bias of –30 V.

Etch rates were calculated from bulk GaN samples patterned with AZ-4330

photoresist.  The depth of etched features was measured with an Alpha-step

stylus profilometer after the photoresist was removed.  Etch profile and sur-

face morphology were analyzed with SEM and AFM.

Figure 2.41 shows the effect of dc chuck bias on the reverse junction

leakage current, along with the corresponding GaN etch rates.  There is lit-

tle effect on the current below chuck biases of –250 V.  This corresponds to

an ion energy of approximately –275 eV, since this energy is the sum of

chuck bias and plasma potential (about –25 eV in this tool under these con-

ditions).  The reverse current decreases slightly as the dc self-bias is in-

creased from –25 to –50 V.  This may result from the sharp increase in etch

rate, which leads to faster removal of near-surface damage. The reverse

current increases rapidly above –275 V ion energy, which is a clear indica-

tion of severe damage accumulating on the sidewall.  The damage probably

takes the form of point defects such as nitrogen vacancies, which increase
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the n-type conductivity of the surface.  The total reverse current density JR

is the sum of three components, namely diffusion, generation and surface

leakage, according to

2eh i
R i SL

h D e A g

eDeD eWn
J n J

l N l N

(2.1)

where e is the electronic charge, De,h are the diffusion coefficients of elec-

trons or holes, le,h are the lengths of the n and p regions outside the deple-

tion region in a p–n junction, ND,A are the donor/acceptor concentrations on

either side of the junction, ni is the intrinsic carrier concentration, W the de-

pletion, g the thermal generation lifetime of carriers and JSL is the surface

current component, which is bias dependent.  The latter component is most

affected by the dry etch process, and dominates the reverse leakage in di-

odes etched in high ion energies.

Figure 2.41. Reverse leakage current measured at –30 V for GaN p–i–n junctions etched in

ICP 32Cl2/8BCl3/5Ar discharges (500 W source power, 2 mTorr), as a function of dc chuck

self-bias

GaN sidewall profiles and etch morphologies have been evaluated from

previous results as a function of dc bias.  The etch becomes more aniso-

tropic as the dc bias increased from –50 to –150 V due to the perpendicular

nature of the ion bombardment energies.  However, at –300 V dc bias, a

tiered etch profile with vertical striations in the sidewall was observed due

to erosion of the mask edge under high ion bombardment energies.  The
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physical degradation (both profile and morphology) of the etched sidewall

at –300 V could help explain higher reverse leakage currents above –250 V

dc bias.  Under high bias conditions, more energetic ions scattering from

the surface could strike the sidewalls with significant momentum, thus in-

creasing the likelihood of increased damage and higher reverse leakage cur-

rents.  Under low bias conditions, the sidewall profile is less anisotropic,

implying increased lateral etching of the GaN (undercutting of the mask).

Under these conditions the etch process becomes dominated by the chemi-

cal component of the etch mechanism, which may account for the slightly

higher reverse leakage observed at –25 V dc bias.

Figure 2.42 shows the effect of ICP source power on the junction reverse

leakage current.  The plasma flux is proportional to source power.  In this

experiment the ion energy was held constant at –100 V dc bias.  There is

minimal effect on leakage current for source powers 500 W, with severe

degradation of the junction characteristics at higher powers even though the

GaN etch rate continues to increase.  This is an important result, because it

shows that the conditions that produce the highest etch rate are not neces-

sarily those that lead to the least damage.  Increased sidewall damage under

high plasma flux conditions may be due to increased ion scattering as well

as more interactions of reactive neutrals with the sidewall of the mesa.

SEM micrographs from bulk GaN samples also show a degradation of

sidewall profile under high ICP source power conditions.  At an ICP source

Figure 2.42. Reverse leakage current measured at –30 V for GaN p–i–n junctions etched in

ICP 32Cl2/8BCl3/5Ar discharges (–100 V dc chuck self-bias, 2 mTorr), as a function of

source power
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power of 1000 W, the sidewall has a tiered profile with vertical striations

possibly due to erosion of the mask edge.  However, sidewall profiles at

250 and 500 W looked reasonably anisotropic and smooth.

Reverse leakage currents were relatively insensitive to chemistry effects

in a Cl2–BCl3–Ar ICP discharge.  The reverse leakage current ranged be-

tween ~10 and 40 nA as the Cl2 changed from 0 to 100%.  This is not too

surprising given that BCl3 ions will be the heaviest ions in the discharge

under all these conditions, and we expect ion damage to be dominated at

this flux.  The reverse leakage currents were measured from a different

GaN wafer than the other samples used in this study.  The surface mor-

phology for the as-grown wafer was significantly higher for this sample and

may account for higher reverse leakage currents measured under the stan-

dard conditions.  Notice the GaN etch rate increased as Cl2 was added to

the BCl3–Ar plasma up to 80%.  In Cl2–Ar plasma the GaN etch rate de-

creased due to lower concentrations of reactive Cl neutrals.  Etch profiles

were relatively anisotropic and smooth except for the Cl2–Ar plasma where

the etch was slightly rough.

Two samples were annealed in this study to determine whether the de-

fects caused by plasma-induced damage to the p–n junction could be re-

moved and low reverse leakage currents recovered.  The first sample was

initially exposed to the following ICP conditions: 32 sccm Cl2, 8 sccm

BCl3, 5 sccm Ar, 500 W ICP power, –300 V dc bias and 2 mTorr pressure.

The reverse leakage remained essentially constant up to 600
o
C, where the

reverse leakage increased by more than an order of magnitude (see Figure

2.43).  (Note, all reverse leakage data were taken at –30 V except for the

600
o
C data, which was taken at lower voltages due to breakdown at –30 V.)

A similar trend was observed for the second sample. Although there was

much more scatter in the data, the sample was exposed to the same ICP

conditions with the exceptions of 750 W ICP source power and –100 V dc

bias.  The inability to remove damage from these samples may be due to

anneal temperatures which were not high enough.  Improved breakdown

voltages for dry-etched n- and p-GaN Schottky diodes annealed in the

range of 400 to 700o
C; have been observed [15]. However, anneal tem-

peratures >800
o
C were needed to produce near-complete recovery in

breakdown voltage.

In summary, there are high-density plasma etching conditions for GaN

where there is minimal degradation in the reverse leakage current of p–i–n

mesa diodes.  Both ion energy and ion flux are important in determining the

magnitude of this current, and a high etch rate is not necessarily the best

choice for minimizing dry-etch damage.
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Figure 2.43. Reverse leakage current measured at –30 V for GaN p–i–n junctions etched in

ICP 32 sccm Cl2–8 sccm BCl3–5 sccm Ar discharges (–300 V dc chuck self-bias, 500 W

ICP source power, 2 mTorr), as a function of anneal temperature

2.7 Device Processing

2.7.1 Microdisk Lasers

A novel laser structure is the microdisk geometry, which does not require
facet formation.  These lasers should, in principle, have low thresholds
because of their small active volume.  While microcylinder geometries are
possible, superior performance is expected when the active disk region sits
only on a thin support post or pedestal.  To fabricate this latter geometry, it
is necessary to have a selective wet etch for the material under the active
layer.  A microcylinder is initially formed by anisotropic dry etching.  We
have employed ECR or ICP Cl2–Ar discharges to produce the initial
vertical etch.  The undercut is then produced by use of KOH solutions at
~80

o
C to selectively etch the AlN buffer layer on which the InGaN–GaN

quantum well is grown.  SEM micrographs of two different lasers are
shown in Figure 2.44. In both cases we used an upper cladding layer of
AlGaN, which was etched somewhat slower than the pure AlN bottom
cladding layer.
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Figure 2.44. SEM micrographs of GaN–InGaN–AlN microdisk laser structures

2.7.2 Ridge Waveguide Lasers

The achievement of CW GaN–InGaN LDs has tremendous technological

significance.  For commercially acceptable laser lifetimes (typically

10,000 h), there is immediate application in the compact disk data storage

market.  The recording and reading of data on these disks are currently per-

formed with near-infrared (~780 nm) laser diodes.  The switch to the much

shorter wavelength (~400 nm) GaN-based laser diodes will allow higher re-

cording densities (by ~(780/400)2
 or almost a factor of four).  There is also

a large potential market in projection displays, where LDs with the three

primary colors (red, green and clue) would replace the existing liquid-

crystal modulation system.  The laser-based system would have advantages

in terms of greater design simplicity, lower cost and broader color cover-
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age.  The key development is the need to develop reliable green InGaN la-

ser diodes.  The high output power of GaN-based lasers and fast off/on

times should also have advantages for improved printer technology, with

higher resolution than existing systems based on infrared lasers.  In under-

water military systems, GaN lasers may have application for covert com-

munications because of a transmission passband in water between 450 and

550 nm.

While a number of groups have now reported room-temperature lasers in

the InGaN–GaN–AlGaN heterostructure system under pulsed [91–103] and

CW operation,[104–112] the field has been completely dominated by Na-

kamura and co-workers[91–96,98,99,103–111].  The growth is performed

by MOCVD, generally at atmospheric pressure.  Initial structures were

grown on c-plane (0001) sapphire, with a low-temperature (550o
C) GaN

buffer, a thick n
+
-GaN lower contact region, an n

+
-InGaN strain-relief

layer, an n
+
-AlGaN cladding layer, a light-guiding region of GaN, then a

multiquantum well region consisting of Si-doped In0.15Ga0.85N wells sepa-

rated by Si-doped In0.02Ga0.98N barriers.  The p side of the device consisted

of sequential layers of p-AlGaN, p
+
-GaN light-guiding, p-Al0.09Ga0.92N

cladding and p
+
-GaN contact.  A ridge geometry was fabricated by dry

etching in most cases (material removed down to the p-Al0.08Ga0.92N layer),

followed by dry etching, cleaving or polishing to form a mirror facet.

These facets are coated (with TiO2–SiO2 in the Nichia case) to reduce laser

threshold, while Ni–Au (p type) and Ti–Al (n type) were employed for oh-

mic metallization.

For this type of structure, threshold current densities are typically 4 kA

cm–2
 with operating voltages of 5 V at the threshold current.  The emis-

sion mechanism is still the subject of intense study, but may be related to

localization of excitons at compositional fluctuations (leading to potential

minima in the band structure) in the InGaN wells.[113–115]  These devices

display relatively short lifetimes under CW operation, typically tens to

hundreds of hours.  The failure mechanism is most commonly short-

circuiting of the p–n junction, a result of p-contact metallization punch

through.  It is not that surprising that in this high defect density material

that the metal can migrate down threading dislocations or voids under high

drive-current conditions.  The threshold carrier density of the LDs on sap-

phire are typically ~1020
 cm

–3
, well above the theoretical values (~10

19
 cm

–

3
).[115–117]

A major breakthrough in LD lifetime occurred with two changes to the

growth.  The first was replacement of the AlGaN cladding layers with

AlGaN–GaN strained-layer superlattices, combined with modulation dop-

ing.  These changes had the effect of reducing formation of cracks that of-

ten occurred in the AlGaN, and also to reduce the diode operating volt-
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age.[109]  The second was the use of epitaxial lateral overgrowth

(ELOG).[110,118,119]  In this technique, GaN is selectively grown on an

SiO2-masked GaN–Al2O3 structure.  After ~10 m of GaN is deposited

over the SiO2 stripes, it coalesces to produce a flat surface.[119]  For a suf-

ficiently wide stripe width, the dislocation density becomes negligible,

compared with 10
9
cm

–2
 in the window regions.  The laser itself is fabri-

cated slightly off-center from the mask regions, due to gaps that occur there

due to imperfect coalescence of the GaN.  These devices have lower

threshold current density ( 4 kA cm
–2

) and operating voltage (4–6 V) and

much longer (10,000 h) room-temperature lifetimes.  The reduction in

threading dislocation density dramatically changes the lifetime, since the p

metal no longer has a direct path for shorting out the junction during opera-

tion.  The carrier density at threshold is also reduced to ~3×10
19

 cm
–3

, not

far above the expected values.  Output power >400 mW, and lifetime >160

h at 30 mW constant output power has been reported.

Subsequent work from Nichia has focused on growth of the LDs on

quasi-GaN substrates.  The thick (100–200 m) GaN is grown on ELOG

structures by either MOCVD or hydrid (Vapor Phase Epitaxy VPE).  The

sapphire substrate is then removed by polishing, to leave a free-standing

GaN substrate.  The mirror facet can then be formed by cleaving.  The GaN

substrate has better thermal conductivity than sapphire.

One of the most important features of the etching of the ridge waveguide

is the smoothness of the sidewall.  Figure 2.45 shows SEM micrographs of

features etched into pure GaN, using a SiNx mask and an ICP Cl2–Ar dis-

charge at moderate powers (500 W source power, 150 W rf chuck power).

While the sidewalls are reasonably vertical, one can see striations, which

result from roughness on the photoresist mask used to pattern the SiNx.

Another problem than can occur is illustrated in the SEM micrograph at the

top of Figure 2.46.  In this, a very high ion energy was employed during the

etching, leading to roughening of the feature sidewall.  This problem is ab-

sent when ion energies below approximately 200 eV are employed, as

shown in the micrograph at the bottom of Figure 2.46.

Page 166 of 383



156      Dry Etching of Gallium Nitride and Related Materials

Figure 2.45. SEM micrograph of dry-etched GaN feature

Figure 2.46. SEM micrographs of features etched into GaN at high (top) or moderate (bot-

tom) ion energy
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When careful attention is paid to the lithography, the etching of the SiNx

mask, and also the etching of the nitride laser structure, then results like

those shown in the SEM micrographs of Figure 2.47 are obtained.  The ac-

tive region of the laser is visible as the horizontal lines along the middle of

the sidewall.

Figure 2.47. SEM micrographs of dry etched GaN–InGaN–GaN ridge waveguide laser

structure

2.7.3 Heterojunction Bipolar Transistors

Wide bandgap semiconductor HBTs are attractive candidates for applica-

tions in high-frequency switching, communications and radar.  While FETs

can be used for these same applications [120–122], HBTs have better line-

arity, higher current densities and excellent threshold voltage uniformity.

The GaN–AlGaN system is particularly attractive because of its outstand-

ing transport properties and the experience base that has developed as a re-

sult of the success of LEDs [123], LDs [124–126] and UV detectors [127]

fabricated from AlGaInN materials.  GaN–SiC HBTs have been reported

with excellent high-temperature (535o
C) performance.[128]  Recently, sev-

Page 168 of 383



158      Dry Etching of Gallium Nitride and Related Materials

eral reports have appeared on operation of GaN–AlGaN HBTs.[129,130]

In one case the extrinsic base resistance was reduced through a selective re-

growth of GaN(Mg), and devices with 3×20 m
2
 emitters showed dc cur-

rent gain of ~3 at 25
o
C.[129]  In work from our group, GaN–AlGaN HBTs

have been fabricated with a non-self-aligned, low-damage dry-etch process

based on that developed for the GaAs–AlGaAs, GaAs–InGaP and InGaAs–

AlInAs systems.[131]  The performance of GaN–AlGaN devices fabricated

by that method also showed low gains at room temperature, typically 3.

When operated at higher temperatures the gain improved, reaching ~10 at

300o
C as more acceptors in the base region became ionized and the base re-

sistance decreased.

In this section we review the fabrication process for GaN–AlGaN HBTs,

examine the temperature dependence of the p-ohmic contacts and report

measurements of typical background impurity concentrations, determined

by SIMS.

Structures grown by two different methods were examined.  In the first,

rf plasma-assisted MBE at a rate of ~0.5 m-h–1
 was used to grow the HBT

structure on top of a 2 m thickness undoped GaN buffer that was grown

on c-plane (0001) sapphire.[132]  An 8000 Å thickness GaN subcollector

(Si ~10
18

 cm
–3

) was followed by a 5000 Å thickness GaN collector (Si

~10
17

 cm
–3

), a 1500 Å thickness GaN base (Mg acceptor concentration

~10
18

 cm
–3

), a 1000 Å thickness Al0.15Ga0.85N emitter (Si ~5×10
17

 cm
–3

),

and a 500 Å grade to a 2000 Å thickness GaN contact layer (Si ~8×10
18

cm
–

3
).

The second structure was grown by MOCVD on c-plane sapphire

[133,134], using trimethylgallium, trimethylaluminum and ammonia as the

precursors and high purity H2 as the carrier gas.  The growth process has

been described in detail previously.[134]  The basic layer structure is

shown in Figure 2.48.

The process flow for device fabrication is shown schematically in Figure

2.49.  First, the emitter metal (Ta–Al–Pt–Au) is patterned by lift-off and

used as an etch mask for the fabrication of the emitter mesa.  The dry etch-

ing was performed in a Plasma Therm 770 ICP system using Cl2–Ar dis-

charges.  The process pressure was 5 mTorr and the source was excited

with 300 W of 2 MHz power.  This power controlled the ion flux and neu-

tral density, while the incident ion energy was controlled by application of

40 W of 13.56 MHz power to the sample chuck.  Base metallization of Ni–

Pt–Au was patterned by lift-off, and then the mesa formed by dry etching.

The etch rate of GaN under our conditions was ~1100 Å min–1
, and was

terminated at the subcollector where Ti–Al–Pt–Au metallization was de-

posited.  The contacts were alloyed at 700–800
o
C.
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Figure 2.48. Schematic of MOCVD-grown GaN–AlGaN HBT

Figure 2.49. Schematic process sequence for GaN–AlGaN HBT
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It has been firmly established that high specific contact resistivities are a

limiting factor in GaN-based device performance, and in particular the p-

ohmic contact.  We examined the alloying tezmperature dependence of the

I–V characteristics for several different p-metal schemes.  The as-deposited

contacts are rectifying.  Annealing at progressively higher temperatures

produced a significant improvement.  But even for 800ºC anneals the con-

tacts were not purely ohmic when measured at room temperature.  This is

consistent with past data, showing that p-metallization on GaN is often

better described as a leaky Schottky contact.

As the measurement temperature is increased, the hole concentration in

the p-GaN increases through higher ionization efficiency of the Mg accep-

tors.  For example, the hole concentration would increase from ~10% of the

acceptor density at 25o
C to ~60% at 300

o
C, based on Fermi–Dirac statistics.

The p-contact becomes truly ohmic at 300
o
C.  From transmission line

measurements, we found c  2×10
–2

×  cm
–2

 at this temperature.  This in-

dicates that the GaN–AlGaN HBT will perform better at elevated tempera-

tures, where the base contact resistivity is lower.  The contact barrier is of

order 0.5 eV, whereas the Mg acceptor has an ionization level of 0.18 eV.

The device performance of both the MBE- and MOCVD-grown devices

was similar, namely a common-emitter current gain of 3 at 25o
C, increas-

ing to ~10 at 300
o
C.  In both devices the performance was still limited by

the base resistance, and methods to increase the base doping and lower the

extrinsic resistance in this region will be critical for future efforts in this

area.  The common base current gain  was in the range 0.75 (25
o
C) to 0.9

(300
o
C), indicating that the base transport factor is close to unity and that IB

is dominated by re-injection to the emitter.

Another important aspect of the realization of GaN–AlGaN HBTs is con-

finement of the Mg doping to the base.  If the p-type spills over into the

relatively lightly doped emitter, then the junction is displaced and the ad-

vantage of the heterostructure is lost.

In summary, GaN–AlGaN HBTs have been fabricated both on MBE-

and MOCVD-grown material, and they display similar performance, i.e. a

common-emitter current gain of ~10 when operated at ~300o
C.  However,

junction leakage is also higher at elevated temperatures, which is a major

drawback in most applications.  The fabrication process developed previ-

ously for other compound semiconductor systems works well for the GaN–

AlGaN system, with the main difference being higher annealing tempera-

tures required for the ohmic contacts.  The device performance is still lim-

ited by the base doping for both the MBE and MOCVD structures.
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2.7.4 Field Effect Transistors

There has been much recent attention on development of AlGaN–GaN het-

erostructure FETs (HFETs) for high frequency and high power applica-

tion.[135–140]  Both enhancement and depletion mode devices have been

demonstrated, with gate lengths down to 0.2 m.  Excellent dc performance

has been reported up to 360
o
C [140], and the best devices have a maximum

frequency of oscillation fmax of 77 GHz at room temperature.[137]  Even

better speed performance could be expected from InAlN channel structures,

both because of the superior transport properties and the ability to use

highly doped InxAl1–xN (x = 0  1) graded contact layers which should

produce low specific contact layers and, consequently, contact resistivities.

We have previously demonstrated that nonalloyed Ti–Pt–Au metal on

degenerately doped InN (n = 5×10
20

 cm
–3

) has c  1.8 10
17

 cm
2
.[141]

While MOCVD has generally been employed for growth of nitride-based

photonic devices and for most of the prototype electronic devices [142–

144], the ability of the molecular beam techniques to control layer

thickness and incorporate higher In concentration in the ternary alloys is

well suited to growth of HFET structures.[145,146]

The exceptional chemical stability of the nitrides has meant that dry

etching must be employed for patterning.  To date, most of the work in this

area has concentrated on achievement of higher etch rates with minimal

mask erosion, in particular because a key application is formation of dry-

etched layer facets.  In that case, etch rate, etch anisotropy and sidewall

smoothness are the most important parameters, and little attention has been

paid to the effect of dry etching on the stoichiometry and electrical proper-

ties of the nitride surface.

In these experiments, we used an InAlN and GaN FET structure as a test

vehicle for measuring the effect of ECR BCl3-based dry etching on the sur-

face properties of InAlN and GaN.  Preferential loss of N leads to rough-

ened morphologies and creation of a thin n
+
 surface layer which degrades

the rectifying properties of subsequently deposited metal contacts.

The InAlN samples were grown by MOMBE on 2 inch diameter GaAs

substrates using a WAVEMAT ECR N2 plasma and metalorganic Group III

precursors (trimethylamine alane, triethylindium).  A low-temperature

(~400
o
C) AlN nucleation layer was followed by a 500 Å thickness AlN

buffer layer grown at 700
o
C.  The In0.3Al0.7N channel layer (~5×10

17
 cm

–2
)

was 500 Å thick, and then an ohmic contact layer was produced by grading

to pure InN over a distance of ~500 Å.
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The GaN layer structure was grown on double–sided polished c-Al2O3

substrates prepared initially by HCl–HNO3–H2O cleaning and an in situ H2

bake at 1070
o
C.  A GaN buffer <300 Å thick was grown at 500

o
C and

crystallized by ramping the temperature to 1040
o
C, where trimethylgallium

and ammonia were again used to grow ~1.5 m of undoped GaN (n <

3×10
16

 cm
–3

), a 2000 Å channel (n = 2×10
17

 cm
–3

) and a 1000 Å contact

layer (n = 1×10
18

 cm
–3

).

FET structures were fabricated by depositing TiPtAu source/drain ohmic

contacts, which were protected by photoresists.  The gate mesa was formed

by dry etching down to the InAlN or n-GaN channel using an ECR BCl3 or

BCl3–N2 plasma chemistry.  During this process, we noticed that the total

conductivity between the ohmic contacts did not decrease under some con-

ditions.  CH4–H2 etch chemistry was also studied.  To simulate the effects

of this process, we exposed the FET substrates to D2 plasma; we saw strong

reductions in sample conductivity.  The incorporation of D2 into the InAlN

was measured by SIMS.  Changes to the surface stoichiometry were meas-

ured by AES.  All plasma processes were carried out in a Plasma Therm

SLR 770 System with an Astex 7700 low-profile ECR source operating at

500 W.  The samples were clamped to an rf-powered, He backside cooled

chuck, which was left at floating potential (about –30 V) relative to the

body of the plasma.

Upon dry etch removal of the InAlN capping layer, a Pt–Ti–Pt–Au gate

contact was deposited on the exposed InAlN to complete the FET process-

ing.  If pure BCl3 was employed as the plasma chemistry, then we observed

ohmic and not rectifying behavior for the gate contact.  If BCl3–N2 was

used, then there was some improvement in the gate characteristics.  A sub-

sequent attempt at a wet-etch clean-up using either H2O2–HCl or H2O2–HCl

produced a reverse breakdown in excess of 2 V (Figure 2.50).  These re-

sults suggest that the InAlN surface becomes nonstoichiometric during the

dry etch step, and that addition of N2 retards some of this effect.

Figure 2.51 shows the IDS values obtained as a function of dry etch time

in ECR discharges of either BCl3 or BCl3–N2.  In the former case the cur-

rent does not decrease as material is etched away, suggesting that a con-

ducting surface layer is continually being created.  By contrast, BCl3–N2

plasma chemistry does reduce the drain–source current as expected, even

though the breakdown characteristics of gate metal deposited on this sur-

face are much poorer than would be expected.

From the AFM studies of the InAlN gate contact layer surface after re-

moval of the InxAl1–xN contact layer surface in BCl3, BCl3–N2 or
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Figure 2.50. I–V characteristics of Pt–TiPt–Au contacts on InAlN exposed to different ECR

plasmas

Figure 2.51. IDS values at 5 V bias for InAlN FETs etched for various times in BCl3 or

BCl3–N2 ECR plasmas

BCl3–N2 plus wet etch, we observed that the mean surface roughness is

worse for the former two chemistries, indicating that preferential loss of N

is probably occurring during the dry etch step.  To try to remove the Group-

III-enriched region, the samples were rinsed in a 1:1 HCl/H2O2 solution at

50
o
C for 1 min.  This step did increase the reverse breakdown voltage (~2.5

V) compared with dry-etched-only samples (<1 V), but did not produce a

completely damage-free surface.  This is because the HCl–H2O2 does not
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remove the InAlN immediately below the surface, which is closer to stoi-

chiometry but is still defective.

While BCl3–N2 produces less enrichment than pure BCl3, there is clearly

the presence of a defective layer that prevents achievement of acceptable

rectifying contacts.  From the I–V measurements, we believe this defective

layer is probably strong n-type, in analogy with the situation with InP de-

scribed earlier.  At this stage, there is no available wet etch solution for

InAlN that could be employed to completely remove the nonstoichiometric

layer in the type of clean-up step commonly used in other III–V materials.

Other possible solutions to this problem include use of a higher Al concen-

tration in the stop layer, which should be more resistant to nitrogen loss, or

employment of a layer structure that avoids the need for gate recess.

Figure 2.52 shows the gate current–voltage characteristics when the gate

metal is deposited on the as-etched GaN surface.  The Schottky contact is

extremely leaky, with poor breakdown voltage.  We believe this is caused

by the presence of a highly conducting N–deficient surface, similar to the

situation encountered on dry etching InP where preferential loss of P pro-

duces a metal-rich surface which precludes achievement of rectifying con-

tacts.  AES analysis of the etched GaN surface showed an increasing Ga-to-

N ratio (from 1.7 to 2.0 in terms of raw counts) upon etching.  However, a

5 min anneal at 400o
C under N2 was sufficient to produce excellent recti-

fying contacts, with a gate breakdown of ~25 V (Figure 2.53).  We believe

the presence of the conducting surface layer after etching is a strong con-

tributing factor to the excellent c values reported by Lin et al. [145] for

contacts on a reactively ion etched n-GaN.

Figure 2.52. I–V characteristic on ECR BCl3-etched GaN
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Figure 2.53. I–V characteristic on ECR BCl3-etched GaN annealed at 400oC prior to depo-

sition of the gate metal

The drain I–V characteristics of the 1×50 m
2
 MESFET are shown in

Figure 2.54.  The drain–source breakdown was –20 V, with a threshold

voltage of –0.3 V.  The device displays good pinch-off and no slope to the

I–V curves due to gate leakage, indicating that the anneal treatment is suffi-

cient to restore the surface breakdown characteristics.  We believe these

devices are well suited for high power applications, since GaN is a robust

material and the contract metallizations employed are also very stable.

Figure 2.54. Drain I–V characteristics of a 1×50 m2 MESFET
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Group III-nitride FET structures are sensitive to several effects during

dry etching of the gate mesa.  Firstly, if hydrogen is present in the plasma

there can be passivation of the doping in the channel layer.  Secondly, the

ion bombardment from the plasma can create deep acceptor states that

compensate the material.  Thirdly, even when these problems are avoided

through use of H-free plasma chemistries and low ion energies and fluxes,

preferential loss of N can produce poor rectifying gate characteristics for

metal deposited on the etched surface.  Ping et al.[146] observed that pure

Ar etching produced more damage in Schottky diodes than SiCl4 RIE.  The

diode characteristics were strongly dependent on plasma self-bias, while

annealing at 680
o
C removed much of the damage.

2.7.5 Ultraviolet Detectors

GaN and its alloys of aluminum gallium nitride (AlGaN) are the most

promising semiconductors for development of UV photodetectors for ap-

plications such as combustion monitoring, space-based UV spectroscopy

and missile plume detection.  With a direct bandgap energy of approxi-

mately 3.39 eV (366 nm), GaN is an ideal material for the fabrication of

photodetectors capable of rejecting near-infrared and visible regions of the

solar spectrum while retaining near unity quantum efficiency in the UV.

The use of AlGaN materials in photodetector fabrication enables bandgap

engineering of the peak responsivity to shorter wavelengths in the deep

UV.[147]  GaN is also an extremely robust semiconductor suitable for

high-temperature (>200o
C) applications.

Nitride-based UV photodetectors that have been reported include p–n

photodiode devices with 0.05 mm
2
 junction area and 0.07 A/W peak re-

sponsivity [148], with 0.04 mm
2
 junction area devices [149], with 0.25

mm
2
 junction area and 0.1 A/W peak responsivity [150], and 0.59 mm

2

junction area and 0.195 A/W peak responsivity.[151]  Photodetectors also

reported include semi-transparent Schottky junction devices [152] and

metal-semiconductor-metal devices.[153,154]

The GaN and AlGaN UV photodiodes were grown on (0001) basal-plane

sapphire substrates by MBE using an RF atomic nitrogen plasma

source.[155]  Details of the growth process for nitride detectors have been

reported previously.[156]  The p–i–n detector epitaxial layers consisted of a

5×1018
 cm

–3
 n-GaN layer followed by a 5000 Å intrinsic region with unin-

tentional n-type doping in the 10
15

 cm
–3

 decade.  The topmost epitaxial

layer consisted of 1000–2000 Å 1×10
18

 cm
–3

 p-GaN.  Mesas reaching the n-

GaN cathode contact layer were formed by ICP etching with chlorine-based

chemistry.[157]  Ohmic contacts to the n-type and p-type GaN were made
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by Ti-based and Ni-based metallizations respectively.  All of the GaN p–i–

n UV detectors were fabricated with an optical detection area of 0.5 mm
2

and a p–i–n junction area of 0.59 mm
2
, which is considerably larger (>12.5

times) than other GaN p–n detectors reported with noise measurements.

In addition to fabricating p–i–n type detectors, shorter UV wavelength

MSM photodetectors, operating in a quasi-photoconductive mode, were

fabricated from 1.5 m thickness silicon-doped (~1×1017
 cm

–3
) n-AlGaN

with a bandgap energy of approximately 320 nm.  The MSMs were fabri-

cated by first depositing a Pt-group metallization 1 m wide with a 5 m

pitch to form the Schottky contacts.  Next, a dielectric was deposited to act

as an insulator between the AlGaN semiconductor and the bond pads.  The

dielectric process was not optimized to function as an anti-reflection coat-

ing.  Reported here are results for AlGaN Metal Semiconductor Metal

(MSMs) with active areas of 0.25 mm2
.

Shunt resistance and spectral responsivity data were collected using on-

wafer probing.  The shunt resistance was determined by the linear trace of

the I–V characteristic from –10 mV to +10 mV.  The spectral responsivities

of the UV photodiodes were measured in photovoltaic mode (zero bias) for

p–i–n devices and a photoconductive mode (biased) for MSM devices us-

ing a 75 W xenon arc lamp chopped at 700 Hz and filtered by a 1/8 m

monochromator set to a 5 nm bandpass.  The power of the monochromatic

light was measured with a calibrated, NIST traceable, silicon photodiode

and then focused onto the GaN wafers resting on a micropositioner stage.

The GaN p–i–n UV photodetector responsivity measurements reported

were obtained with the devices operating in the unbiased, photovoltaic

mode.  Figure 2.55 shows a 25o
C spectral responsivity curve for a baseline

UV photodetector with 0.194 A/W peak responsivity and four orders of

magnitude visible rejection that has been reported previously.[152]  The

maximum theoretical peak responsivity at the 360 nm bandgap is 0.28 A/W

with no reflection and 0.23 A/W including reflection at the GaN surface.

Also included on the plot is a trace for a GaN p–i–n UV photodetector with

an improved p-type epitaxial process, which yields a greater visible rejec-

tion and more constant deep UV responsivity.  The improved GaN p–i–n

device was fabricated with a 1000 Å p-type cathode layer.  The shunt re-

sistances for these improved 0.59 mm2
 devices ranged from 200 M  to 50

G , depending on the process. The device exhibits a low dark current and

excellent forward-biased diode I–V characteristics with a built-in potential

of approximately 3.1 V.

Page 178 of 383



168      Dry Etching of Gallium Nitride and Related Materials

Figure 2.55. Spectral responsivity for GaN p–i–n UV photodetectors plotted against the

maximum theoretical value with no reflection

The AlGaN MSM exhibited a substantial photoconductive gain (>700 ×)

at 6 V bias, which yielded a responsivity of 7 A/W at 250 nm.  The AlGaN

device band-edge response does not decay as rapidly as that seen in devices

fabricated from GaN material.  The MSM devices, fabricated from AlGaN,

which exhibited a luminescent peak at 320 nm, exhibited slightly more than

three orders of magnitude (1278 ×) rejection of 360 nm light over 320 nm

light.  The rejection ratio for 250 nm light over 360 nm light was more than

5.5 orders of magnitude (5263×).  The increased gain at shorter wave-

lengths is believed to be the result of greater electron–hole generation near

the high electric field regions at the surface of the device.  As expected, the

MSM devices exhibited excellent shunt resistance (>100 G ) and dark cur-

rent characteristics at low bias, as shown in Figure 2.55.

GaN p–i–n UV photodetectors with an optically active surface area of

0.5 mm2
 and a junction area of 0.59 mm

2
 have been fabricated on 3  di-

ameter GaN p–i–n epitaxial wafers and characterized.  Wafer maps of

photodetector peak responsivity (maximum of 0.194 A/W at 359 nm) indi-

cated that more than 60% ( 1 ) of all the GaN UV photodetectors per-

formed within a 12% deviation from the average peak responsivity.  Fur-

ther, the vast majority of GaN UV photodetectors were characterized with

shunt resistances that were within one decade of each other.

High-temperature testing of the GaN p–i–n photodetectors up to 300o
C

indicated no significant increase in visible spectral responsivity or short-
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term degradation.  The room–temperature spectral responsivity of the GaN

photodetectors was fully recovered after 300
o
C testing.  The 300

o
C GaN

photodetector 1/  noise power densities were measured to be 6.6×10
–19

 and

2.1×10
–21

 A
2
/Hz at 100 Hz and 1 kHz, respectively.  The room-temperature

100 Hz and 1 kHz noise power density of the GaN p–i–n photodetectors

was extrapolated to be on the order of 10
–30

 A
2
/Hz (~10

–15
 A/Hz

1/2
 noise

current density).

The AlGaN MSM photodetectors, which were fabricated from AlGaN

with a near bandgap luminescent peak of 320 nm, exhibited substantial

photoconductive gain resulting in 7 A/W responsivity at 250 nm and 1.7

A/W responsivity at 320 nm.  The AlGaN MSMs were characterized with

5263 and 1278 responsivity rejection ratios for 250 nm and 320 nm light

respectively, versus 360 nm light.
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3 Design and Fabrication of Gallium High-Power
Rectifiers

3.1 Abstract

GaN power Schottky diodes have numerous advantages over more conven-
tional Si rectifiers, achieving a maximum electric field breakdown strength
over 10 times larger and on-state resistance RON approximately 400 times
lower at a given voltage.  These characteristics have made GaN devices at-
tractive for hybrid electric vehicles and power conditioning in large indus-
trial motors.  In particular, Schottky rectifiers are attractive because of their
fast switching speed, which is important for improving the efficiency of in-
ductive motor controllers and power supplies.  Both GaN and SiC power
Schottky diodes have demonstrated shorter turn-on delays than comparable
Si devices.  In this chapter we review the design and fabrication of GaN
power rectifiers.

3.2 Introduction

There is strong interest in the development of ultrahigh power inverter
modules based on GaN and other wide bandgap semiconductors.[1–5]
These would have application in pulsed power for avionics and electric
ships, in solid-state drivers for heavy electric motors and in advanced
power management and control electronics. Schottky rectifiers are a key
element of inverter modules because of their high switching speeds and low
switching losses.  While excellent reverse blocking voltages VB have been
achieved in lateral GaN rectifiers (VB up to ~9.7 kV), these devices have
limited utility because of their low on-state current.[6,7]  Recently, a num-
ber of reports have appeared of vertical geometry GaN rectifiers fabricated
on free-standing substrates.[8–10]  These have shown excellent forward
current characteristics, with total currents >1.7A for 7 mm diameter devices
and low forward turn-on voltages (VF  1.8 V).  The reverse breakdown
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voltages in these structures are still limited by avalanche breakdown at de-
fects and/or surfaces.  The rapid progress in improving both defect density
and purity of these free-standing substrates makes them the most promising
approach for achieving both high VB and on-state currents, [11,12] in com-
parison with methods such as MOCVD of lightly doped stand-off layers.[5,
13-16]

A simple model for avalanche breakdown in GaN resulting from impact
ionization produces the relation [3]

VB  1.98×1015 N–0.7 (3.1)

where N is the doping concentration in the GaN. Currently, all GaN rectifi-
ers show performance limited by the presence of defects and by breakdown
initiated in the depletion region near the electrode corners.  In SiC rectifi-
ers, a wide variety of edge termination methods have been employed to
smooth out the electric field distribution around the rectifying contact pe-
riphery, including mesas, [17] high-resistivity layers created by ion im-
plantation,[18,19] field plates[20,21] and guard rings.[22]  The situation is
far less developed for GaN, with just a few reports of combined guard
rings/field-plate termination.[8,9,23]  While SiC has been the workhorse in
the research area of high power devices, GaN has been dominant in the
commercialization of LED and limited in the application of high power
rectifiers due to the lack of free-standing substrates.  The recent success of
growing GaN free-standing wafers by HVPE technology has geared up the
power devices applications of GaN, especially high power rectifiers.  In this
chapter, the status of GaN high power rectifiers will be presented.

3.3 Background

In this review section, the theoretical calculations are given for reverse
breakdown voltage and on-state resistance.  Most parameters for GaN are
extracted from epi-layer GaN, due to the lack of data from bulk GaN.

3.3.1 Temperature Dependence of Bandgap

3.3.1.1 Gallium Nitride

2 2 2
4 4

g

300
( ) 3.475 9.39 10 3.396 9.39 10

772 300 772 772

T T
E eV

T T
− −= − × = + × −

+ + +
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For a linear fit between 200 and 400 K

Eg (eV) = 3.463–5.3×10–4 (T–300) (3.2)

as shown in  Figure 3.1

Figure 3.1. Temperature dependence of GaN and 6H-SiC bandgap as a function of
temperature.  Dotted lines represent the linear fit mainly between 200 and 400 K
[after ref. 1] [1]

3.3.1.2 6H-SiC

4(eV) 3.19 3.3 10 ( 300)gE T−= − × − (3.3)
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3.3.2. Effective Density of States

The effective density of states is derived by the following equation for most
semiconductors, and determined by the effective masses (m*

e for electrons,
m*

h for holes) of carriers and temperature:

33 3
* * 22 2

19e
c 2

0

2
( ) 2 2.50945 10

300
em kT m T

N T
h m

π= = ×

33 3
** 22 2

19 eh
v 2

0

2
( ) 2 2.50945 10

300

mm kT T
N T

h m

π= = ×

3

2
18

C ( ) 2.3 10
300

T
N T = ×

*
e 00.20m m=  for wurtzite GaN

3

2
19

V ( ) 4.6 10
300

T
N T = ×

*
h 01.50m m=  for wurtzite GaN [2] (3.4)

NC (cm–3) NV (cm–3)

GaN 2.3×1018 4.6×1019

6H-SiC 1.66×1019 3.29×1019

3.3.3 Intrinsic Carrier Concentration

The intrinsic carrier concentration ni is described by the following equa-
tions, where NC is the density of states in the conduction band, NV the den-
sity of states in the valence band, and Eg is temperature-dependent bandgap

g

i C V( ) exp
2

E
n T N N

kT
= −

3
16 2

i

20488.6
( ) 1.98 10 expn T T

T
= × −  for GaN
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ni (300) = 2.25×10–10 cm–3 for GaN

ni (300) = 1.6×10–6 cm–3 for 6H-SiC (3.5)

This small intrinsic carrier concentration at room temperature for wide
bandgap semiconductors (Figure 3.2) causes the numerical underflow er-
rors when calculating minority carrier concentration due to

2np n
i

= (3.6)

Figure 3.2. Intrinsic carrier concentration in SiC and GaN as a function of tem-
perature [after ref. 31] [3]

3.3.4 Incomplete Ionization of Impurity Atoms

Acceptor dopants for GaN are not fully ionized even at high temperature.
This incomplete ionization of impurities can be expressed by the following
equation using Fermi–Dirac statistics with impurity ionization levels and
degeneracy factors for the conduction and valence bands.
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D D
D

Fn C D D D

C

A
A

V Fp A A

V

1 2 exp1 2 exp

1 4 exp1 4 exp A

N N
N

E E E N E

N kTkT

NNA
N

E F E N E

N kTkT

+

+

=
− + Δ Δ++

=
− + Δ Δ++

C V
C Fn Fn V

D A

ln ln
N N

E E kT E E kT
N N

− = − =

ΔED = 0.016 for Si

ΔEA = 0.175 for Mg (3.7)

In MediciTM, the incomplete ionization of impurities is selected by speci-
fying the FERMIDIRAC and INCOMPLE parameters on the MODELS
statement. And the band degeneracy is given by the impurity-dependent pa-
rameter GB.  The donor and acceptor impurity activation energies are in-
corporated by the parameter EB0 in the IMPURITY statement. Medici can
provide for the doping and temperature dependence of the impurity activa-
tion energies.

For very high doping concentrations, such as more than 1.0×1018 cm–3,
the transition from incomplete ionization to complete ionization happens.
Medici will take the complete ionization if the parameter HIGH.DOP is
specified on the MODELS statement.  The complete ionization will be as-
sumed above for impurity concentration greater than HDT.MAX.

3.3.5 Mobility Models

3.3.5.1 Analytical Mobility Model

Temperature- and concentration-dependent mobility model:

max min

min

tot

ref

T
300

T
1

300

N

N

α

γβ

μ μ
μ μ

−
= +

+

(3.8)
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Carriers
μmax

(cm2V–1s–1)
μmin

(cm2V–1s–1)
Nref

(cm–3) α β γ

Electrons 1000 55 2×1017 –2.0 –3.8 1.0

Holes 170 30 3×1017 –5.0 –3.7 2.0

3.3.5.2.  Field-Dependent Mobility Model

1/

sat

( )

1

n
n ii

n

E
E

v

ββ

μμ
μ

=

+

BETAN=2.0    BETAP=1.0 for GaN

7

sat

2.7 10

1 0.8 exp
600

v
T

×=
+

(3.9)

Figure 3.3 is the low-field mobility at 300 K as a function of doping con-
centration.

Figure 3.3. Low-field mobility of electrons and holes as a function of doping con-
centration in GaN at room temperature [after ref. 4] [4]
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3.3.6 Generation and Recombination

3.3.6.1 Shockley–Read–Hall Lifetime

The Shockley–Read–Hall (SRH) recombination-generation rate RSRH is
given by

2

i
SRH

p i n i( ) ( )

pn n
R

n n p nτ τ
−=

+ + +
(3.10)

where the lifetimes τn and τp of electrons and holes dependent upon the
doping level, as described by the Scharfetter relation:

n0
n

tot ns
SRH
n

1 ( )
N

N
γ

ττ =
+

(3.11)

The lifetimes for GaN are observed in the order of 1–100 ns. The fol-
lowing relation is often used for Si and is also used for GaN:

n0 p05τ τ= (3.12)

3.3.6.2 Auger Recombination

2
Au p n i( )( )R C p C n np n= + − (3.13)

Auger recombination constants are Cn = 1×10–30 and Cp = 1×10–31 cm6/s for
GaN.

Carriers τn,p

(s)
SRH
nN γns

Cn,p

(cm6/s)

Electrons 1×10–9 5×1016 1 1×10–30

Holes 1×10–9 5×1016 1 1×10–31

3.3.7 Reverse Breakdown Voltage

The phenomenon of reverse breakdown is explained by avalanche multipli-
cation, which involves impact ionization between host atoms and high-
energy carriers.  When a high-energy hole or electron under high electric
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field impacts an electron in the valence band, it will produce a new elec-
tron–hole pair (EHP).  This newly generated EHP will cause other colli-
sions and multiply carriers very rapidly.[24–35]  Avalanche breakdown is
defined to occur in theory when

D

p n p0 0
exp[ ( ) d ] d 1

W x
x xα α α− >

0
i 0 exp

b

E
α α −= (3.14)

where WD is the depletion width and αa and αp are the ionization rates of
electrons and holes.

Oguzman et al. [32] and Ruff et al. [35] calculated the hole-initiated and
electron-initiated ionization rates of electrons and holes, respectively for
both wurtzite and zinc blende GaN.  Figure 3.4  represents the calculated
impact ionization coefficients as a function of inverse electric field for
electrons and holes in wurtzite GaN and 6H-SiC.[34–36]

Figure 3.4. Calculated impact ionization coefficients as a function of inverse elec-
tric field for electrons and holes in wurtzite GaN and 4H-SiC [32,33]
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For GaN:

7
1 6

n,p

2.6 10
(cm ) 8.85 10 exp

E
α − ×= × − [2] (3.15)

For 6H-SiC:

7
1 6

n

1.273 10
(cm ) 1.66 10 exp  

E
α − ×= × −

7
1 6

p

1.4 10
(cm ) 5.18 10 exp

E
α − ×= × − [34] (3.16)

To calculate the integrals of impact ionization without the aid of a com-
puter is time-consuming and almost impossible.  Thus, a power-law ap-
proximation can make the calculation easier in Fulop’s form:

743
eff 101.9 EAE n −×==α  for GaN [36] (3.17)

635
eff 1055.4 EAE n −×==α  6H-SiC [37] (3.18)

Simplified breakdown condition is expressed by the following ionization
integral:

C

eff0
d 1

W
xα = (3.19)

Therefore, the depletion layer width at breakdown for GaN is

71
88

0
c

B

8
W

A qN

εε= (3.20)
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The critical electric field (Figure 3.5) can be calculated by the one-
dimensional (1D) Poisson equation (dE/dx=qNB/ 0) and obtained through
numerical substitutions:

2
B

2
0

d d

d d

qNV E

x x εε
= − = −

1 1

8 7 1
4

8
c B

0 c

8 8
3.4 10BqN

E N
A AWεε

= = = × (3.21)

Figure 3.5. The critical electric field for 6H-SiC and wurtzite GaN as a function of
doping concentration

If Poisson’s equation is solved with the voltage and electric field rela-
tionship, the breakdown voltage for the non-punch-through junction case is
given by  (Figure 3.6)

3
15

4
pp B2.87 10BV N −= × (3.22)
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Figure 3.6. The reverse breakdown voltage of non-punch-through junction for 6H-
SiC and wurtzite GaN as a function of doping concentration

The depletion layer width, the critical electric field, and the breakdown
voltage for 6H-SiC are given by

1 1

7 6 1
4

7
c B

0 c

7 7
1.16 10BqN

E N
A Awεε

= = = ×

61
7 67

40 7
c B

B

7
6.2 10W N

A qN

εε −= = ×

5
14

7
pp B3.59 10BV N −= × (3.23)

In the case of a punch-through junction diode, the breakdown voltage is
given by

2
B PT

PT c PT

02

qN W
BV E W

εε
= − (3.24)

Figure 3.7 is a plot of theoretical breakdown voltage of GaN punch-
through diode as a function of doping concentration and drift region thick-
ness.  It can be seen that a 3 μm epi-layer with doping concentration of 1016

cm–3 gives more than 900 V of breakdown voltage.  The actual experimen-
tal value of breakdown voltage is far from these theoretical predictions.
The material imperfections, such as the vertically threading dislocations,
lead to premature breakdown.  Therefore, the edge termination technique
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should be developed for GaN to prevent the early breakdown, and the
crystal quality should be advanced to improve the GaN device perform-
ance.

Figure 3.7. The reverse breakdown voltage of a punch-through junction for GaN
as a function of doping concentration and drift region thickness

3.3.8 On-State Resistance

The specific on-state resistance of a unipolar diode is the sum of the drift
region resistance, the contact resistance and the substrate resistance:

diode drift sub contactR R R R= + + (3.25)

The specific on-state resistance of drift region is given by

==
B

D

B
ON Nq

W

Nq

dx
R

μμ
(3.26)

where μ is the low-field mobility (μ=1000 cm2 V–1 s–1for GaN), NB is the
doping concentration of the drift region and WD is the drift region thickness.
The on-state resistance of the drift region for GaN can be expressed by the
reverse breakdown voltage and is given by

2 12 2.5
ON ( cm ) 2.4 10R BV−Ω ⋅ = × (3.27)

as shown in Figures 3.8 and 3.9.
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Figure 3.8. The specific on-state resistance for GaN Schottky diode as a function
of breakdown voltage

These properties make GaN Schottky diode rectifiers attractive for
power distribution in hybrid electric vehicles, such as the Toyota Prius
(Figures 3.10–3.12), where a 1000V, 500 kA/cm2 at 1.4 V GaN diode and
850V, 500 A/cm2 at 1.6 V GaN MISFET are needed for the inverter unit.

For 6H-SiC:

2 11 2.6
ON ( ·cm ) 1.45 10R BV−Ω = × (3.28)

For Si:

2 9 2.5
ON ( ·cm ) 5.91 10R BV−Ω = × ⋅ (3.29)
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Figure 3.9. The specific on-state resistance for Si, 6H-SiC, and GaN diode as a
function of breakdown voltage

Figure 3.10. Toyota Prius hybrid electric vehicle
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Figure 3.11. Power distribution unit in hybrid electric automobile

Figure 3.12. Sales figures foe electric and hybrid electric vehicles [after Nikkei
Electronics vol. 4.19 (1999)]
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3.4 Edge Termination Design

3.4.1 Field Plate Termination

The structure at the top of Figure 3.13 was used as our standard for
simulation and is based on the available free-standing GaN bulk substrates,
which currently have a doping density of ~1016 cm–3.  While their thickness
is ~200 μm, the depletion depth is limited by the background doping and
we used a thickness of 30 μm in the simulations.  The parameters we
investigated in this study were the dielectric material, its thickness and the
extent of metal overlap onto the field plate.  The simulations were carried
out using the MEDICITM code.  The back n-ohmic contact resistance was
assumed to be 10–6 Ω cm2, which is consistent with our past experimental
data, and an interface state density of 5×1011 eV–1 cm–2 was assumed for the
dielectric–GaN interface.  Once again, this is based on our past
experimental results.  After designing the particular basic structure, a mesh
of nodes is created to allow the solutions to the transport equations to be
obtained.  The program includes Shockley–Read–Hall and Auger
recombination, an incomplete ionization model and an average of the
available high-field saturation and avalanche models.  We assumed a
conduction band density of states of 2.6×1018 cm–3 for the n-type GaN, a
surface recombination velocity of 103 cm.s–1 and Shockley–Read–Hall
lifetime of 1 ns.

Figure 3.13. Schematic of simulated bulk GaN rectifier structure
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The maximum electric field in an unterminated rectifier occurs directly
under the corner of the Schottky contact and emphasizes that avalanche
breakdown is more likely to initiate at that location.  The breakdown
voltage was 980 V.

Figure 3.14 shows the calculated breakdown voltages obtained for a 0.7
μm thickness SiO2 field plate on top of the rectifier, as a function of the
extent of the overlap of the Schottky contact onto the SiO2.  Note that the
VB values increase rapidly for metal overlaps up to ~10 μm, with a
maximum increase of ~63% in breakdown voltage relative to the
unterminated device.  Beyond an overlap of 10 μm there is no further
improvement in breakdown voltage from this given thickness of SiO2 field
plate.  We believe this is due to the fact that the lateral spread of the
depletion layer becomes comparable to the depth of this layer, so that
extending the field plate into undepleted regions does not affect the
breakdown behavior.

Figure 3.14. Effect of metal overlap distance in VB for rectifiers with 0.7 μm
thickness SiO2 field plate

The effect of SiO2 thickness at a given metal overlap distance of 10 μm
is shown in Figure 3.15.  There is an almost linear increase in VB with
increasing oxide thickness up to 0.7 μm. At thicknesses >1 μm the
simulations showed that the electric field inside the oxide began to
increase.  One must, therefore, choose a thickness such that the field
strength inside the oxide does not exceed its breakdown strength.  The fact
that very thick oxide layers do not lead to an improvement in VB is an
advantage from a practical viewpoint, because such layers would require
very long deposition times and introduce problems such as stress.
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Figure 3.15. Effect of SiO2 thickness on VB for rectifiers with 10 μm metal overlap

Other dielectrics that have demonstrated reasonably low interface state
densities on GaN include AlN, MgO and Sc2O3.  SiO2 produces the highest
breakdown voltage rectifiers for these conditions because of its large
bandgap and low dielectric constant.  However, in real devices it should be
considered that reliability is of utmost importance, and it is not necessarily
the case that SiO2 would be the best choice with this consideration in mind.
For example, Sc2O3 appears to produce the most effective passivation of
surface states on GaN–AlGaN heterostructure field effect transistors.[28]
Obviously, much more work needs to be done to establish experimentally
the relative tradeoff between VB and long-term device stability.

The main findings of this simulation study can be summarized as fol-
lows:

1. The use of an optimized SiO2 field-plate edge termination can in-
crease the reverse breakdown volatge of bulk GaN rectifiers by
up to a factor of two compared with unterminated devices.

2. The dielectric material, thickness and ramp angle all influence
the resulting VB of the rectifier by determining where the maxi-
mum field strength occurs in the device structure. The key aspect
in designing the field-plate edge termination is to shift the region
of the high-field region away from the periphery of the rectifying
contact.
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3.4.2 Junction Termination

Figure 3.16  shows a schematic of a rectifier employing planar junction
termination with a dielectric field plate.  The breakdown point is extended
beyond the contact periphery by this approach.  Simply using the planar
junction without the field plate increases VB to 760 V, while the addition of
the SiO2 field plate increases it up to 1110 V.  Important design parameters
influencing VB are the length of the metal overlap and the SiO2 thickness.
For a given value of the plate length, the SiO2 thickness must be optimized
in order to balance the electric field peaks at the junction and plate edges as
reported previously for GaN [38].

Figure 3.16. Schematic of rectifier with planar junction termination and SiO2 field
plate (top) or with planar junction termination and one p+ guard ring (bottom)

Page 208 of 383



3.4 Edge Termination Design      199

Another alternative for edge terminations is the use of equipotential p+

guard rings. As the bias in the main junction increases, the space charge re-
gion extends until it reaches the guard ring.  The potential of the guard ring
is given by

1
22

A S A A
FFR

2 2

2
SeN W V eN W

V
ε ε

= + (3.30)

where NA is the acceptor concentration, ε the GaN permittivity, WS the field
ring spacing and VA the applied Schottky bias on the Schottky contact.  As
the bias is further increased, this potential increases, tracking the value of
the equipotential line from the main junction [22].  At a given bias, the
potential of the ring is equal to that of the highest potential around it and
lower than the value on the main junction.  The net effect is to reduce field
crowding near the junction curvature. [22] In our case of one p-guard ring
with additional planar junction termination, the calculated VB is 1180V
which is a slight improvement over the planar junction termination with the
field plate.

Figure 3.17 shows the effect of guard-ring spacing on the calculated VB.
In our geometry, the maximum VB is obtained for a spacing of ~3 μm.  The
benefits of the field spreading are lost at either very small or large spacing.
The use of additional guard rings is also beneficial.  For example, using two
rings, one separated by 2 μm and the other by 3 μm, led to an increase in VB

to 1458 V.

Figure 3.17. Effect of guard ring spacing on VB
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The Junction Termination Extension (JTE) method extends the high-doped
side of the main junction by a connected region of lower doping level.  The
net effect is once again to spread the field lines and avoid premature break-
down.  A key design parameter is obviously the doping concentration in the
JTE region.  In our case, a doping concentration of 4×1017cm–3 produced a
VB value of 2720 V.  The value of VB was strongly peaked for a JTE doping
around 4×1017 cm–3, although VB values above 2000 V are achieved for a
reasonable range of concentrations.

Finally, Figure 3.18  provides a summary of the VB values calculated for
the different edge termination methods.  The single JTE approach provides
an almost five-fold increase relative to an unterminated rectifier and points
out the clear necessity to employ one or more methods in order to
maximize the blocking voltage even for GaN rectifiers.

Figure 3.18. Comparison of VB values for GaN rectifiers employing different edge
termination methods

For GaN power rectifiers to mature into a manufacturable technology,
attention must be paid to the design and implementation of edge termina-
tion methods that maximize the reverse breakdown voltage.  Our current
study shows that the JTE produces the highest blocking voltages for verti-
cal bulk GaN rectifiers, although the VB values are highly sensitive to the
doping in the JTE region.  Guard rings, field plates and planar junctions
were also examined in increasing VB over the value in unterminated rectifi-
ers.
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3.5 Comparison of Schottky and p–n Junction Diodes

The minority carrier concentration in GaN p-n junction is extremely small,
in the order of 10–36 cm–3 for ND=1016 cm–3 at room temperature, because
the intrinsic carrier concentration is about 10–10 cm–3:

2
inp n= (3.31)

3.5.1 Reverse Bias

Ideally, the reverse current density JR can be calculated by the generation
current in the space charge region and the diffusion current due to the gen-
eration close to the space charge region:

pi
R

g p

1kTqnW
J q

q

μ
τ τ

= + (3.32)

where τg is the appropriate generation lifetime in the space charge region
and τp is the minority carrier lifetime of a hole in the n region.  The genera-
tion current is in the order of 10–23 A cm–2 for the GaN p–n––n+ diode at
room temperature with a breakdown voltage of 1530 V.  The diffusion cur-
rent is in the order of 10–50 A cm–2 and diffusion current contribution is
negligible.  Those large leakage currents arise from the surface leakage, de-
fects in epilayer and junction, and tunneling:

3.5.2 Forward Bias

If a forward bias is applied, then the built-in voltage must be exceeded be-
fore a substantial current can flow.

D A
bi 2

i

ln
N NkT

V
q n

+ −

= (3.33)

Vbi = 3.178 V for GaN p–n––n+ diode D A(N N+ − =10–34 cm–3)
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Vbi = 2.719 V for 6H-SiC p–n––n+ diode D A(N N+ − =10–34 cm–3)

The forward current density JF at low forward voltage VF is determined
by a current contribution due to recombination in the space charge region
and by a diffusion contribution due to recombination close to the space
charge region:

pi F F
R

r p

1
exp exp

2

kTqnW qV qV
J q

kT q kT

μ
τ τ

= + (3.34)

Figures 3.19–21 compare the forward I–V characteristics (including
temperature dependence) for GaN p–n and Schottky diodes.

Figure 3.19. The forward I–V characteristics of 5 μm n-region Schottky diode
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Figure 3.20. The  forward I–V characteristics of p+–n–n+ diode

Figure 3.21. The temperature-dependent forward I–V characteristics of p+–n–n+

diode
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3.6 High Breakdown Lateral Diodes

For laterally depleting devices, the structure consisted of ~3 mm of resistive
(107 Ω/ ) GaN.  To form ohmic contacts, Si+ was implanted at 5 × 1014 cm–

2, 50 keV into the contact region and activated by annealing at 150°C for 10
s under N2.  The ohmic and rectifying contact metallization was the same as
described above.

Three different edge termination techniques were investigated for the
planar diode:

1. Use of a p-guard ring formed by Mg+ implantation at the edge of
the Schottky barrier metal. In these diodes the rectifying contact
diameter was held constant at 124 μm, while the distance of the
edge of this contact from the edge of the ohmic contact was 30
μm in all cases.

2. Use of p-floating field rings of width 5 mm to extend the deple-
tion boundary along the surface of the SiO2 dielectric, which re-
duces the electric field crowding at the edge of this boundary. In
these structures, a 10 μm wide p-guard ring was used, and one to
three floating field rings were employed.

3. Use of junction-barrier-controlled Schottky (JBS) rectifiers, i.e.,
a Schottky rectifier structure with a p–n junction grid integrated
into its drift region.

In all of the edge-terminated devices the Schottky barrier metal was ex-
tended over an oxide layer at the edge to further minimize field crowding,
and the guard and field rings were formed by Mg+ implantation and 1100ºC
annealing.

Figure 3.22 shows the influence of guard ring width on VB at 25ºC.
Without any edge termination, VB is ~2300 V for these diodes.  The for-
ward turn-on voltage was 15–50 V, with a best on-resistance of 0.8 Ω cm2.
The figure-of-merit (VB)2/RON was 6.8 MW/cm2.  As the guard-ring width
was increased, we observed a monotonic increase in VB, reaching a value of
~3100 V for 30 μm width rings.  The figure-of-merit was 1535 MW/cm2

under these conditions.  The reverse leakage current of the diodes was still
in the nanoamp range at voltages up to 90% V of the breakdown value.

Page 214 of 383



3.6 High Breakdown Lateral Diodes      205

Figure 3.22. Current–voltage characteristics of GaN power rectifiers with p-guard
for edge terminations (top), and effect of p-guard ring on the reverse breakdown
voltage of GaN power rectifiers (bottom)

Figure 3.23 shows the variation of VRB with Al percentage in the AlGaN
active layers of the rectifiers.  In this case we are using the VRB values from
diodes without any edge termination or surface passivation.  The calculated
band gaps as a function of Al composition are also shown, and were ob-
tained from the relation:

g g,GaN g,AlN( ) (1 ) (1 )E x E x E x bx x= − + − − (3.35)

where x is the AlN mole fraction and b is the bowing parameter with value
0.96 eV. [19].  Note that VRB does not increase in linear fashion with band
gap.  In a simple theory, VRB should increase as (Eg)

1.5, but it has been em-
pirically established that factors such as impact ionization coefficients and
other transport parameters need to be considered and that consideration of
Eg alone is not sufficient to explain measured VRB behavior.  The fact that
VRB increases less rapidly with Eg at higher AlN mole fractions may indi-
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cate increasing concentrations of defects that influence the critical field for
breakdown.

Figure 3.23. Variation of VRB in AlXGa1–XN rectifiers without edge termination, as
a function of Al concentration.  The band gaps for the AlGaN alloys are also
shown

Figure 3.24  shows the variation of VRB with temperature.  The data can
be represented by a relation of the form:

[ ]RB RBO 01 ( )V V T Tβ= + − (3.36)

where  = –6.0±0.4 V K–1 for both types of rectifier. However, in Schottky
and p–i–n rectifiers we have fabricated on more conducting GaN; with VRB

values in the 400–500 V range, the values were consistently around –0.34
V K–1. Therefore, in present state-of-the-art GaN rectifiers, the temperature
coefficient of VRB appears to be a function of the magnitude of VRB.  Re-
gardless of the origin of this effect, it is clearly a disadvantage for GaN.
While SiC is reported to have a positive temperature coefficient for VRB,
there are reports of rectifiers that display negative β values.  One may
speculate that particular defects present may dominate the sign and magni-
tude of β, and it will be interesting to fabricate GaN rectifiers on bulk or
quasi-bulk substrates with defect densities far lower than in heteroepitaxial
material.
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Figure 3.24. Temperature dependence of V RB for GaN and AlGaN rectifiers

3.7 Bulk Diode Arrays

A drawback of Schottky rectifiers fabricated on both conventional homo-
epitaxial (Al2O3) and free-standing GaN films is a strong dependence of re-
verse breakdown voltage VB on device contact diameter.[8]  In defect-free
material, VB is related to the maximum electric field at breakdown, EM and
the depletion depth at breakdown WM through [3]

M M
B 2

E W
V = (3.37)

However, in the presence of defects such as screw dislocations, nanopipes,
or voids, it has been demonstrated that temperature breakdown occurs in
both GaN and SiC.[8, 16, 17]  For example, in Pt Schottky diodes fabri-
cated on free-standing GaN, we have previously reported a decrease in VB

from 160 V for 75 μm diameter to ~ 6 V for 7 mm diameter devices. [8]  In
order to overcome this degradation in reverse bias performance when fabri-
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cating, we demonstrate a method for interconnecting the output of many
(~130) smaller diodes (500×500 μm2) to produce a very high total forward
current.  Similar parallel connection has been used to achieve high total
forward current in SiC devices. [15]

The diode arrays were fabricated in 1 cm2, 200 μm thickness, free-
standing GaN substrate grown by HVPE on c-plane Al2O3.  The GaN films
were subsequently removed from the sapphire by laser heating. [18]  Full-
area back contacts of Ti–Al–Pt–Au were deposited by e-beam evaporation
and annealed at 850 °C for 30 s to minimize contact resistance.  Edge ter-
mination utilized an SiO2 (1500 Å) field plate and e-beam-deposited Pt–Au
Schottky contacts with 500×500 μm2 dimensions.  To achieve parallel con-
nection of the diode array, SiNx (2500 Å) was deposited all over the wafer
as isolation and opened with 100 μm diameter current paths for each
Schottky metal pad.  Metal was further deposited with Ti–Au for adhesion
and seed layers and Au was electroplated to a thickness of 3 μm on both the
front and back of the rectifiers.  A schematic of a completed device is
shown in Figure 3.25.

Prior to the interconnection of all the rectifiers, the I–V characteristics at
25 °C were recorded, and fit to the relation for thermionic emission over a
barrier:

* 2 b
F exp exp

e eV
J A T

kT nkT

φ= − (3.38)

where J is the current density, A* is Richardson’s constant for n-GaN, T the
absolute temperature, e the electronic charge, φb the barrier height, k
Boltzmann’s constant, n the ideality factor and V the applied voltage.  From
the data, φb was obtained as 1.08 eV and n=1.4. The forward turn-on volt-
age VF for a Schottky rectifier is given by

F B ON F** 2
ln FJnkT

V n R J
e A T

φ= + + (3.39)

where RON is the on-state resistance.  Defining VF as the bias at which the
forward current density is 100 A·cm–2, VF was found to be 2.2 V and RON

was 8 mΩ·cm2 for an individual device.
With the thick plated metal on the rectifiers, the forward I–V character-

istics in Figure 3.25 for a single 500×500 μm2 device showed a slight in-
crease in VF to ~3 V.  This might result from current spreading in the
structure.  The forward dc at 7 V was 1.2 A for the single device. The high-
est reported forward current from a GaN rectifier is 1.6 A under pulsed
(10% duty cycle) conditions.[20]
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Figure 3.25. Forward I–V characteristic from single 500×500 μm2 GaN Schottky
rectifier (top) and  schematic of free-standing GaN rectifier structure

To connect the output of all of the individual devices, we clamped both
sides of the array to Cu disks using a press-packed arrangement and meas-
ure the dc I–V characteristics at 25°C using a Tektronix 371B curve tracer.
Figure 3.26 shows a typical I–V characteristic, with output currents of 24 A
at 3 V and 161 A at 7.12 V.  The latter value corresponds to a total on-state
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resistance of 44 mΩ·cm2. The on/off ratio was ~8×107 at 5 V/ –100 V for
this rectifier array at 25°C.

Figure 3.26. Total forward I–V characteristic from rectifier array

The currents demonstrated with the bulk rectifier array show the promise
of this technology for even the most demanding applications, such as utility
power switching [21] and power distribution in next-generation naval ves-
sels. [22, 23]  A simple calculation indicates that VB values in excess of 16
kV are achievable on free-standing GaN substrates of thickness ≥50 μm
provided the carrier concentration is ≤5×1015 cm–3, so that both high for-
ward currents and high reverse breakdown voltages should be possible with
this approach.

3.8 Conclusions

In summary, the size and geometry dependence of GaN Schottky rectifiers
on both sapphire and quasi-bulk substrates have been investigated.  The re-
verse breakdown voltage increases dramatically as contact size is de-
creased, and is also much larger for vertically depleting devices.  The low
on-state resistances produce high figures-of-merit for the rectifiers and
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show their potential for applications involving high power electronic con-
trol systems.
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4 Chemical, Gas, Biological, and
Pressure Sensing

4.1 Abstract

There is renewed emphasis on development of robust solid-state sensors
capable of uncooled operation in harsh environments.  The sensors should
be capable of detecting chemical, gas, biological or radiation releases, as
well as be able to send signals to central monitoring locations.  In this
chapter we discuss the advances in use of GaN-based solid-state sensors for
these applications. AlGaN–GaN high electron-mobility transistors
(HEMTs) show a strong dependence of source–drain current on the pie-
zoelectric polarization-induced 2DEG.  Furthermore, spontaneous and pie-
zoelectric polarization-induced surface and interface charges can be used to
develop very sensitive but robust sensors for the detection of gases, polar
liquids and mechanical pressure.  It has been demonstrated that AlGaN–
GaN HEMT structures exhibit large changes in source–drain current upon
exposing the gate region to various block co-polymer solutions.  Pt-gated
GaN Schottky diodes and Sc2O3–AlGaN–GaN metal-oxide semiconductor
diodes also show large change in forward currents upon exposure to H2-
containing ambients.  Of particular interest are methods for detecting ethyl-
ene (C2H4), which offers problems because of its strong double bonds and
hence the difficulty in dissociating it at modest temperatures.  Apart from
combustion gas sensing, the AlGaN–GaN heterostructure devices can be
used as sensitive detectors of pressure changes. In addition, large changes
in source–drain current of the AlGaN–GaN HEMT sensors can be detected
upon adsorption of biological species on the semiconductor surface.  Fi-
nally, the nitrides provide an ideal platform for fabrication of surface
acoustic wave (SAW) devices.  Given all these attributes, the GaN-based
devices appear to be promising for a wide range of chemical, biological,
combustion gas, polar liquid, strain and high temperature pressure-sensing
applications.  In addition, the sensors are compatible with high bit-rate
wireless communication systems that facilitate their use in remote arrays.
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4.2 Introduction

AlGaN–GaN HEMTs have demonstrated extremely promising results for
use in broadband power amplifiers in base station applications due to the
high sheet carrier concentration, electron mobility in the 2DEG channel and
high saturation velocity.[1–10]  The high electron sheet carrier concentra-
tion of nitride HEMTs is induced by piezoelectric polarization of the
strained AlGaN layer and spontaneous polarization is very large in wurtzite
Group III nitrides.[6–9]  This suggests that nitride HEMTs are excellent
candidates for pressure sensor and piezoelectric-related applications.  Pay-
offs relative to Si FETs include being chemically inert in electrolyte solu-
tions (low linear drift), sensitivity of ~57mV/pH, cf. other potential gate
materials such as SiO2 (32–40 mV/pH), Al2O3 (57 mV/pH), Ta2O5 (58.5
mV/pH) and the ability to integrate with blue or UV LEDs for directed cell
growth or remediation and also integration with  chemical/pressure sensors
and off-chip communications circuitry (either by photonic or electrical
means).

Unlike conventional III–V-based HEMTs, such as those in the AlGaAs–
GaAs system, there is no dopant in the typical nitride-based HEMT struc-
ture and all the layers are undoped.  The carriers in the 2DEG channel are
induced by piezoelectric polarization of the strained AlGaN layer and
spontaneous polarization, both of these effects being very large in wurtzite
Group III nitrides.  Carrier concentrations >1013 cm–3 can be obtained in the
2DEG, which is five times larger than that in the more conventional Al-
GaAs–GaAs material system.  The portion of the carrier concentration in-
duced by the piezoelectric effect is around 45–50%.  This makes nitride
HEMTs excellent candidates for pressure sensor and piezoelectric-related
applications.

There is a strong interest in wide bandgap semiconductor gas sensors for
applications including fuel leak detection in spacecraft and release of toxic
or corrosive gases.  In addition, these detectors would have dual use in
automobiles and aircraft, fire detectors, exhaust diagnosis and emissions
from industrial processes.  Wide bandgap semiconductors, such as GaN and
SiC, are capable of operating at much higher temperatures than more con-
ventional semiconductors, such as Si, because of their large bandgap (3.4
eV for GaN, 3.26 eV for the 4H-SiC poly-type vs. 1.1 eV for Si).  The abil-
ity of these materials to function in high temperature, high power and high
flux/energy radiation conditions will enable large performance enhance-
ments in a wide variety of spacecraft, satellite and radar applications.  GaN
and SiC uncooled electronics and sensors will reduce spacecraft launch
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weights and increase satellite functional capabilities.  Given the high cost
per pound of launching payloads into Earth orbit, the weight savings gained
by using wide bandgap devices could have large economic and competitive
implications in the satellite industry.  Existing commercial satellites require
thermal radiators to dissipate heat generated by the spacecraft electronics.
These radiators could be eliminated with GaN and SiC, and allow greater
functionality (more transponders in a commercial satellite) by utilizing the
space and weight formerly occupied by the thermal management system.
In addition, the radiation hardness of these materials would reduce the
weight of shielding normally used to protect spacecraft electronic compo-
nents from radiation.  Simple Schottky diode or FET structures, fabricated
in GaN and SiC are sensitive to a number of gases, including hydrogen and
hydrocarbons.  An additional attractive attribute of GaN and SiC is the fact
that gas sensors based on these materials could be integrated with high-
temperature electronic devices on the same chip. While there has been ex-
tensive development of SiC-based gas sensors [11–25], the work on GaN is
at an earlier stage [26,27], but there has been much recent activity based on
the relative advantages of GaN, for sensing.[26–40]  These advantages in-
clude the presence of the polarization-induced charge, the availability of a
heterostructure and the more rapid pace of device technology development
for GaN, which borrows from the commercialized and LD businesses.

Wide bandgap electronics and sensors based on GaN can be operated at
elevated temperatures (600°C, or 1112°F, glowing red hot) where conven-
tional Si-based devices cannot function, these being limited to <350°C.
This is due to its low intrinsic carrier concentration at high temperature, as
shown in Figure 4.1.  The ability of these materials to function in high tem-
perature, high power and high flux/energy radiation conditions will enable
large performance enhancements in a wide variety of spacecraft, satellite,
homeland defense, mining, automobile, nuclear power and radar applica-
tions.  In addition, there appear to be applications for high-temperature
pressure sensing for coal and fossil energy applications.  AlGaN–GaN het-
erojunction HEMTs grown on SiC substrates have demonstrated extremely
promising results for use as power amplifiers in many analog applications
due to the high sheet carrier concentration, electron mobility in the 2DEG
channel and high saturation velocity, as illustrated in Figure 4.2.[41]  The
demonstrated power densities from these devices are well in excess of those
possible with GaAs, Si or SiC.  The ability to integrate these with GaN-
based LEDs is a powerful driver for highly integrated sensor systems.  Fig-
ure 4.3 shows examples of concepts that employ GaN LEDs for directed
cell growth or for causing fluorescence for identification of DNA fragments
in a microfluidic array.  In the latter case, the fluid containing the DNA is
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placed in a microfluidic channel and the uncharged DNA fragments in the
laminar flow region in the center of the channel are not affected by voltages
applied to the gold tabs on the surface of the channel.  However, the ap-
plied field acts to pull charged fragments to the non-laminar region at the
edge of the channel, where they can be separated from the main flow. The
integrated, embedded LEDs can be used to induce fluorescence from these
separated fragments.

Figure 4.1. Intrinsic carrier concentration as a function of temperature

Figure 4.2. Performance of GaN–AlGaN-based power amplifier compared with GaAs-, Si-
and SiC-based devices
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Figure 4.3. Schematic of optically integrated microfluidic devices and cell-growth sub-
strates based on GaN

The charges in the 2D channel of AlGaN–GaN HEMTs are induced by
spontaneous and piezoelectric polarization, which are balanced with posi-
tive charges on the surface.  Figure 4.4 shows schematics of the direction of
the spontaneous and piezoelectric polarization in both Ga and N face
wurtzite GaN crystals.[42]  The induced sheet carrier concentration of un-
doped Ga-face AlGaN–GaN can be calculated thus [43]:

( )0
s b F C2

d

( )( )
( ) ( ) ( ) ( )

xx
n x e x E x E x

e d e

ε εσ φ= − + − Δ (4.1)

where 0 is the electric permittivity, (x) = 9.5–0.5x is the relative permit-
tivity, x is the Al mole fraction of AlxGa1–xN, dd is the AlGaN layer thick-
ness, eφb is the Schottky barrier of the gate contact on AlGaN (eφb(x) = 0.84
+ 1.3x(eV)), EF is the Fermi level

(EF(x) = [9he2ns(x)/16 0 (x) (8m*(x))]2/3+h2ns(x)/4 m*(x)),
Ec is the conduction band (Eg(x) = 6.13x+3.42(1–x)–x(1–x)(eV)), and ΔEc is
the conduction band discontinuity between AlGN and GaN ( Ec(x) =
0.7[Eg(x)–Eg(0)]).  Note that m*(x)  0.228.  Therefore, the sheet charge
density in the 2D channel of an AlGaN–GaN HEMT is extremely sensitive
to its ambient. The adsorption of polar molecules on the surface of GaN af-
fects both the surface potential and the resulting device characteristics.
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Figure 4.4.  Piezoelectric (PE) and spontaneous polarization (SP) effects in Ga(Al) or N-
face AlGaN–GaN heterostructures (after Refs [57] and [42])

Without any surface passivation the sheet carrier concentration of the
polarization-induced 2DEGs confined at interfaces of AlGaN–GaN HEMTs
become sensitive to any manipulation of surface charge.  This effect is used
to build micro-sensors which are able to detect applied strain and surface
polarity change by polar liquids or toxic gases.  Besides the basic physics
of polarization-induced charges at surfaces and interfaces and the formation
of 2DEGs in piezoelectric AlGaN–GaN heterostructures, we will summa-
rize the present status and future concepts of novel AlGaN–GaN-based
chemical and biological sensor systems.

In this chapter, the components for building high-temperature chemical,
gas and pressure sensors are discussed in addition to the emerging work on
using AlGaN–GaN heterostructures as biosensors. Numerous groups have
demonstrated the feasibility of AlGaN–GaN heterostructure-based hydro-
gen detectors with extremely fast time response and capable of operating at
high temperature (500–800°C), eliminating bulky and expensive cooling
systems.[26–37]  In addition, gateless AlGaN–GaN HEMTs show a strong
dependence of source–drain current on the polarity and concentration of
polymer solutions.[39]  There have also been recent reports of the  investi-
gation of the effect of external strain on the conductivity of AlGaN–GaN

Page 228 of 383



4.3 Sensors Based on AlGaN–GaN Heterostructures      219

HEMTs.[40]  It is also possible to employ selective substrate removal tech-
niques, such as laser drilling, to etch off the SiC substrate and realize an
AlGaN–GaN membrane for a pressure sensor.  These can be used for inex-
pensive, low-cost, low-weight pressure monitoring applications.

4.3 Sensors Based on AlGaN–GaN Heterostructures

4.3.1 Gateless AlGaN–GaN High Electron Mobility Transistor
Response to Block Co-Polymers

Gateless AlGaN–GaN HEMT structures exhibit large changes in source–
drain current upon exposing the gate region to various block co-polymer so-
lutions.[39]  The polar nature of some of these polymer chains leads to a
change of surface charges in the gate region on the HEMT, producing a
change in surface potential at the semiconductor–liquid interface.  The
structure was grown by MOCVD deposition at 1040°C on c-plane Al2O3

substrates and then fabricated into a gateless HEMT. Silicon nitride was
used to encapsulate the source–drain regions, with only the gate region
open to allow the polar liquids to reach across the surface.

A schematic of the device is shown in Figure 4.5, with both the plan
view layout and cross-sectional view.  The source–drain current–voltage
characteristics were measured at 25°C using an Agilent 4156C parameter
analyzer with the gate region exposed either to air or various concentrations
of the block co-polymers and individual polymers.  The block copolymers
are composed different proportions of the individual polymers, polystyrene
(PS) and polystyrene oxide (PEO).

Owing to the parasitic resistance induced by the large gate dimension (20
× 150 μm2) I, the drain current i did not reach saturation at 40 V.  If the de-
vice dimension were to be reduced, then larger changes of drain current
should be expected.  The dipole moments of ethylene and styrene mono-
mers are 1.89 and 0.62 respectively.[33]  The dipole moment of the ethyl-
ene monomer is three times larger than that of the styrene monomer; how-
ever, the effect of PEO solutions on drain current of nitride HEMTs is only
half that of the PS.  This could be due to PEO being extremely linear, with
its dipole oriented along the polymer chain.  The 20 × 150 μm2 gate open-
ing is much larger than the individual monomer in the PEO chain.  There-
fore, the dipole effect on the device is very locally within the big gate
opening and some of the net surface charges induced by the PEO are can-
celled out.  In the case of PS the polymer chain is very bulky and not very
linear, and the net dipole induced charge may be higher than that of PEO;
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therefore, larger drain current changes were observed.  If the gate dimen-
sion reduces to the size of the individual monomer, then the opposite trends
may be obtained.

Figure 4.5. Schematic layout of gateless HEMT structures (top) and device cross-
section (bottom)

The concentration of the block co-polymer also affected the changes of
the drain current, as showed in Figure 4.6 (top).  The molecular weight of
the co-polymer is 58.8 kg/mol and it contains 71% PS and 29% PEO.  The
concentration of the co-polymer was varied from 1.0917 mg/ml to 0.08734
mg/ml.  As the co-polymer concentration increased, the drain current re-
duced more.  Co-polymer with similar molecular weight, but different
compositions also had significant impact on the drain I–V characteristics.
As shown in Figure 4.6 (bottom), the copolymer with large percentage of
PS reduced more drain current.
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Figure 4.6. Drain I–V characteristics for the different concentrations of the copolymer solu-
tions are as follows: C1= 1.0917 mg/ml, C2 = 0.7612 mg/ml, C3 = 0.5504 mg/ml, C4 =
0.08734 mg/ml (top). The drain I–V characteristics of copolymers with different composi-
tions (R5: MW=66.6 kg/mol, 53% of PS and 47% of PEO; R11: MW = 58.8 kg/mol, 71% of
PS and 29% of PEO) (bottom)

Eickhoff et al. [33] have reported on the time dependence of changes in
source–drain current of gateless HEMTs exposed to polar liquids with dif-
ferent dipole moments.  As shown in Figure 4.7, the HEMTs show very
large changes in current as the different polar liquids are introduced to the
surface.  However, the magnitude of the changes did not correlate with the
dipole moment of the liquids, suggesting that steric hindrance effects or the
exact orientation of the molecule when it adsorbs on the surface must play a
role.
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Figure 4.7. Time dependence of changes in source–drain current in gateless HEMTs ex-
posed to ionic liquids with different dipole moments (after Ref. [29])

In summary, gateless AlGaN–GaN HEMTs show a strong dependence of
source–drain current on the polarity and concentration of polymer or polar
liquid solutions.  These can be used as sensitive pH meters.  This data sug-
gests the possibility of functionalizing the surface for application as biosen-
sors, especially given the excellent stability of the GaN and AlGaN sur-
faces, which should minimize degradation of adsorbed cells.

4.3.2 Hydrogen Gas Sensors Based on AlGaN–GaN-Based
Metal-Oxide Semiconductor Diodes

Simple GaN Schottky diodes exhibit strong changes in current upon expo-
sure to hydrogen-containing ambients.[27–35]  The effect is thought to be
due to a lowering of the effective barrier height as molecular hydrogen
catalytically cracks on the metal gate (typically made of Pt) and atomic hy-
drogen diffuses to the interface between the metal and GaN, altering the
interfacial charge.  Steinhoff et al. [29] found that it was necessary to have
a native oxide present between the semiconductor and the gate metal in or-
der to see significant current changes.  Thus, it is desirable to specifically
incorporate an oxide into GaN-based diodes or HEMTs in order to maxi-
mize the hydrogen detection response.

Gas sensors based on metal-oxide semiconductor (MOS) diodes on
AlGaN–GaN HEMT layer structures are of interest, because HEMTs are

Page 232 of 383



4.3 Sensors Based on AlGaN–GaN Heterostructures      223

expected to be the first GaN electronic device that is commercialized, as
part of next-generation radar and wireless communication systems.  These
structures have much higher sensitivity than Schottky diodes on a GaN
layer, because they are true transistors and, therefore, operate with gain.  In
addition, the MOS-gate version of the HEMT has significantly better ther-
mal stability than a metal-gate structure [38,44–51] and is well-suited to
gas sensing.  When exposed to changes in ambient, changes in the surface
potential will lead to large changes in channel current.

A typical HEMT gas sensor employs ohmic contacts formed by lift-off
of e-beam-deposited Ti(200 Å)–Al(1000 Å)–Pt(400 Å)–Au(800 Å).  The
contacts are annealed at 850°C for 45 s to minimize the contact resistance.
Thin (typically 400 Å thickness) gate dielectrics of MgO or Sc2O3 are de-
posited through a contact window of SiNx. The dielectrics are deposited by
rf plasma-activated MBE at 100°C using elemental Mg or Sc evaporated
from a standard effusion all cell at 1130°C and O2 derived from an Oxford
RF plasma source.[49]  200 Å Pt Schottky contacts are deposited on the top
of Sc2O3.  Then, final metal of e-beam–deposited Ti–Au (300 Å–1200 Å)
interconnection contacts was employed on the MOS-HEMT diodes.  Figure
4.8 shows a schematic (top) and photograph (bottom) of the completed de-
vice. The devices are bonded to electrical feed-throughs and exposed to dif-
ferent gas ambients in an environmental chamber.  A schematic of the
chamber is shown in Figure 4.9.

Figure 4.8. Cross-sectional schematic of completed MOS diode on AlGaN–GaN HEMT
layer structure (top) and plan-view photograph of device (bottom)
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Figure 4.9. Schematic of environmental test chamber (TC) into which different gases can be
introduced and the GaN-based sensors tested at different temperatures under different gas
ambients

  As the detection temperature is increased, the response of the MOS-
HEMT diodes increases due to more efficient cracking of the hydrogen on
the metal contact.  Pt is a good choice as the contact owing to its efficiency
at cracking hydrogen at relatively low temperatures; but, for applications
requiring more thermally stable contacts, we have also found that W is ef-
fective at higher operating temperatures (300°C).

 The threshold voltage for a MOSFET is given by [43]

0.5

D b S
T FB b

4
2

i

eN
V V

C

φ εφ= + + (4.2)

where VFB is the voltage required for flat band conditions, φb the barrier
height, e the electronic charge and Ci the Sc2O3 capacitance per unit area. In
analogy with results for MOS gas sensors in other materials systems [20],
the effect of the introduction of the atomic hydrogen into the oxide is to
create a dipole layer at the oxide–semiconductor interface that will screen
some of the piezo-induced charge in the HEMT channel.

 To test the time response of the MOS diode sensors, the 10%H2/90%N2

ambient was switched into the chamber through a mass flow controller for
periods of 10, 20 or 30 s and then switched back to pure N2. Figure 4.10
(left) shows the time dependence of forward current at a fixed bias of 2 V
under these conditions.  The response of the sensor is rapid (<1 s), with
saturation taking almost the full 30 s.  Upon switching out of the hydrogen-
containing ambient, the forward current decays exponentially back to its
initial value.  This time constant is determined by the volume of the test
chamber and the flow rate of the input gases and is not limited by the re-
sponse of the MOS diode itself.  Figure 4.10 (top) shows the time response
of the forward current at fixed bias to a series of gas injections into the
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chamber, of duration 10 s each (top) or 30 s each (bottom).  The MOS di-
ode shows good repeatability in its changes of current and the ability to cy-
cle this current in response to repeated introductions of hydrogen into the
ambient.  Once again, the response appears to be limited by the mass trans-
port of gas into and out of the chamber and not to the diffusion of hydrogen
through the Pt–Sc2O3 stack.

Figure 4.10. Time response at 25°C of MOS-HEMT-based diode forward current at a fixed
bias of 2 V when switching the ambient from N2 to 10%H2/90%N2 for periods of 10, 20 or
30 s and then back to pure N2 (bottom) and three cycles of switching the ambient from N2 to
10%H2/90%N2 for periods of 10 s (top)

AlGaN–GaN MOS-HEMT diodes appear well suited to combustion-gas
sensing applications.  The changes in forward current are approximately
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double those of simple GaN Schottky diode gas sensors tested under similar
conditions and suggest that integrated chips involving gas sensors and
HEMT-based circuitry for off-chip communication are feasible in the
AlGaN–GaN system.

4.3.3 Hydrogen-Induced Reversible Changes in Sc2O3–AlGaN–
GaN High Electron Mobility Transistors

Pt-contacted AlGaN–GaN HEMTs with Sc2O3 gate dielectrics show re-
versible changes in drain–source current upon exposure to H2-containing
ambients, even at room temperature.  The changes in current (as high as
3mA for relatively low gate voltage and drain-source voltage) are approxi-
mately an order of magnitude larger than for Pt–GaN Schottky diodes and a
factor of five larger than Sc2O3–AlGaN–GaN MOS diodes exposed under
the same conditions. This shows the advantage of using a transistor struc-
ture in which the gain produces larger current changes upon exposure to
hydrogen-containing ambients.  The increase in current is the result of a de-
crease in effective barrier height of the MOS gate of 30–50 mV at 25°C for
10%H2/90%N2 ambients relative to pure N2 and is due to catalytic disso-
ciation of the H2 on the Pt contact, followed by diffusion to the Sc2O3 –
AlGaN interface.

Figure 4.11 (top) shows the MOS-HEMT drain–source current voltage
(IDS–VDS) characteristics at 25°C measured in both the pure N2 or
10%H2/90% N2 ambients.  The current is measurably larger in the latter
case, as would be expected if the hydrogen catalytically dissociates on the
Pt contact and diffuses through the Sc2O3 to the interface, where it screens
some of the piezo-induced channel charge.  This is a clear demonstration of
the sensitivity of AlGaN–GaN HEMT dc characteristics to the presence of
hydrogen in the ambient in which they are being measured.  The use of
less-efficient catalytic metals as the gate metallization would reduce this
sensitivity, but operation at elevated temperatures would increase the effect
of the hydrogen because of more efficient dissociation on the metal contact.

Figure 4.11 (bottom) shows some of the recovery characteristics of the
MOS-HEMTs upon cycling the ambient from N2 to 10%H2/90%N2.  While
the change in drain–source current is almost instantaneous (<1 s), the re-
covery back to the N2 ambient value is of the order of 20 s.  This is con-
trolled by the mass transport characteristics of the gas out of the test cham-
ber, as demonstrated by changing the total flow rate upon switching the gas
into the chamber.  Given that the current change upon introduction of the
hydrogen is rapid, the effective diffusivity of the atomic hydrogen through
the Sc2O3 must be greater than 4 × 10–12 cm2/V.s at 25oC.  Note the com-
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plete reversibility of the drain–source current for repeated cycling of the
ambient.

Figure 4.11. IDS–VDS characteristics of MOS-HEMT measured at 25°C under pure N2 ambi-
ent or in 10%H2/90%N2 ambient (top) and time dependence of drain–source current when
switching from N2 to 10%H2/90%N2 ambient and back again for different injection times of
the H2/N2 (bottom)

Sc2O3–AlGaN–GaN MOS-HEMTs show a marked sensitivity of their
drain–source current to the presence of hydrogen in the measurement ambi-
ent.  This effect is due to the dissociation of the molecular hydrogen on the
Pt gate contact, followed by diffusion of the atomic species to the oxide–
semiconductor interface, where it changes the piezo-induced channel charge.
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The MOS-HEMTs show larger changes in current than their corresponding
MOS-diode or Schottky diode counterparts and show promise as sensitive
hydrogen detectors.

Of particular interest are methods for detecting ethylene (C2H4), which
offers problems because of its strong double bonds and hence the difficulty
in dissociating it at modest temperatures.  The forward diode I–V charac-
teristics at 400°C of the Pt–Sc2O3–AlGaN–GaN MOS-HEMT diode, both
in pure N2 and in a 10%C2H4/90%N2 atmosphere, show that, at a given
forward bias, the current increases upon introduction of the C2H4. In anal-
ogy with the detection of hydrogen in comparable SiC and Si Schottky di-
odes, a possible mechanism for the current increases involves  atomic hy-
drogen either decomposed from C2H4 in the gas phase or chemisorbed on
the Pt Schottky contacts then catalytically decomposed to  release atomic
hydrogen.  The hydrogen can then diffuse rapidly though the Pt metalliza-
tion and the underlying oxide to the interface, where it forms a dipole layer
[24] and lowers the effective barrier height.  We emphasize that other
mechanisms could be present; however, the activation energy for the cur-
rent recovery is ~1 eV, similar to the value for atomic hydrogen diffusion in
GaN [52], which suggests that this is at least a plausible mechanism.

Figure 4.12 shows the change in voltage at fixed current as a function of
temperature for the MOS diodes when switching from a 100% N2 ambient
to 10%C2H4/90%N2.  As the detection temperature is increased, the re-
sponse of the MOS-HEMT diodes increases due to more efficient cracking
of the hydrogen on the metal contact.  Note that the changes in both current
and voltage are quite large and readily detected.  In analogy with results for
MOS gas sensors in other materials systems [23,24], the effect of the intro-
duction of the atomic hydrogen into the oxide is to create a dipole layer at
the oxide–semiconductor interface that will screen some of the piezo-
induced charge in the HEMT channel.  The time constant for response of
the diodes was determined by the mass transport characteristics of the gas
into the volume of the test chamber and was not limited by the response of
the MOS diode itself.

Simple Pt or Pd gate GaN Schottky diodes can also provide effective
detection of combustion gases.  Figure 4.13 shows a plan-view photograph
of a two-terminal sensor, along with a device packaged into a header for
testing. These devices produce easily measurable changes in forward cur-
rent upon exposure to hydrogen-containing ambients, as shown in the I–V
characteristics of Figure 4.14. This data was taken at 150°C, but the
changes are also measurable at room temperature, showing that the sensors
do not need an on-chip heater to increase their detection efficiency, al-
though they of course show larger current changes at higher temperatures.
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Figure 4.12. Change in MOS diode forward voltage at fixed currents as a function of tem-
perature for measurement in 100%N2 or 10%C2H4/90%N2

Figure 4.13. Photographs of two-terminal GaN Schottky diode for gas-sensing applications
(top) and packaged device (bottom)
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Figure 4.14.  Forward current of Pd–GaN Schottky diode at fixed bias of 0.5 V and a tem-
perature of 150°C, upon changing the measurement ambient from pure N2 to 10% H2 in N2

4.3.4 Effect of External Strain on Conductivity of AlGaN–GaN
High Electron Mobility Transistors

In order to study the effect of external strain on the conductivity of
HEMTs, material systems and transmission line patterns were fabricated
with a mesa of 500 Å to ensure the 1  current flow during the measure-
ment.  Figure 4.15 illustrates the setup for measuring the effect of external
strain on the conductivity of the 2DEG channel of the nitride HEMT. Lu-
cite blocks secure the sample and printed circuit board (PCB) for testing.
The contact pads were connected to the PCB board, which had BNC con-
nectors on the end for signal outputs, with 1 mm thickness gold wire.  A
high-precision single-axis traverse was used to bend the sample. The de-
vices were fabricated on half of a 2  wafer, sawn into 2 mm wide stripes
and wire bonded on the test feature, as shown in Figure 4.16.  The dc char-
acteristics were obtained from measurements on an Agilent 4156C pa-
rameter analyzer.
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Figure 4.15. Schematic diagram of a pressure sensor package: Experimental setup to detect
I–V characteristics connected to the BNC cable according to various mechanical stresses
(top). Picture of actual set-up for cantilever mounting package (bottom)
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Figure 4.16. Schematic diagram of mechanical stressor with cantilever (top). Picture of me-
chanical stressor with high-precision single-axis traverse (bottom)
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Sheet charges in the AlGaN–GaN HEMTs are induced by spontaneous
polarization and piezoelectric polarization.[51–57]  Wurtzite GaN and
AlGaN are tetrahedral semiconductors with a hexagonal Bravais lattice
with four atoms per unit cell.  The misfit strain inside a film is measured
against its relaxed state.  In the misfit strain calculation, the strain is calcu-
lated against the relaxed films, ao, i.e.

o
misfit

o

( ) ( )

( )

a x a x

a x
ε −= (4.3)

where a(x) is the lattice constants of AlxGa1–xN and ao(x) = (aGaN – aAlNx)Å
= (3.189 –0.077x)Å.[51]  Here, a(x) – ao(x) is chosen because the AlGaN
film is always under tension due to a(x) aGaN and misfit will always be
positive.  Having defined the elastic strain in the film, a partially relaxed
film parameter should be defined.  For a perfectly coherent film a(x) = aGaN,
or
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For a partially relaxed film, the ratio of strain comparing to the un-
relaxed state defines the degree of strain in the film
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Hence, the degree of relaxation is then given by
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For around 300 Å of AlGaN layer on the top of GaN, r(x) was measured
by Ambacher et al.[57]:
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The piezoelectric polarization for a partially relaxed strained layer can be
expressed by modifying Equation (4.5) by subtracting the portion of re-
laxation:
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31 33
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where e31 and e33 are the piezoelectric coefficients and C13 and C33 are the
elastic constants.

Figure 4.17 (bottom) plots the relationship between Al concentration of
AlGaN and strain induced by AlGaN on GaN for the unrelaxed and par-
tially relaxed conditions.  Unlike the linear model for the unrelaxed condi-
tion, there is a maximum strain around an Al concentration of 0.35.  The
piezoelectric polarization-induced sheet carrier concentration of undoped
Ga-face AlGaN/GaN can be calculated from Equation (4.3).  As illustrated
in Figure 4.17 (top), the sheet carrier concentration induced by the piezoe-
lectric polarization is a strong function of Al concentration.  In the case of a
partially relaxed AlGaN strain layer, there is also a maximum sheet carrier
concentration around Al = 0.35.  If an external stress can be applied to the
AlGaN–GaN material system, then the sheet carrier concentration can be
changed significantly and devices fabricated in this fashion could be used
in sensor-related applications.

A pure bending of a single beam was used in this work to estimate the
strain, since the HEMT structure, around 3 μm, is much thinner than that of
a sapphire substrate, 200 μm, and the degree of deflection (maximum de-
flection is around 2.2 mm) is much shorter than the length of the beam, 27
mm.  The strain εxx of the bending can be estimated from the single beam
with thickness of t and unit width.  The tensile strain near the top surface of
the beam is simply given by [58]

2/ Ltdxx =ε (4.9)

where t is the sample thickness, d is the deflection and L is the length of the
beam.
Figure 4.18 shows the effects of external tensile and compressive strain on
the conductivity of an AlGaN–GaN HEMT sample with a mesa.  In the
case of applying external tensile strain on the HEMT sample, an increase of
conductivity was observed.  The mesa depth was around 500 Å, which is
below the AlGaN–GaN interface (300 Å AlGaN layer on 3 μm GaN layer).
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Figure 4.17. Strain induced by AlGaN on GaN for the unrelaxed and partially relaxed
AlGaN layer as a function of Al concentration (bottom) and sheet carrier concentration in-
duced by the piezoelectric polarization as a function of Al concentration (top)

The AlGaN layer, therefore, sits above the beam and the external stress ap-
plied on the beam should not change the strain of the AlGaN layer.  As a
result, applying a tensile stress on the beam would pull apart the GaN at-
oms only and not affect the AlGaN.
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Figure 4.18. The effect of tensile or compressive stress on the conductivity of mesa-isolated
AlGaN–GaN HEMTs

4.3.5 Pressure Sensor Fabrication

There are at least two approaches that can be taken: (1) AlGaN–GaN
HEMT-based micro-electro-mechanical (MEM) pressure sensors, which
can be used in a high temperature ambient;  (2) biosensors with a gateless
AlGaN–GaN HEMT membrane, in which the excellent stability of the GaN
and AlGaN surface should minimize degradation of adsorbed cells.[33]
The pressure sensors can be made of a circular membrane of AlGaN–GaN
on a SiC substrate by etching a circular hole in the substrate, as illustrated
in Figure 4.19 (left).  A deflection of the membrane away from the sub-
strate due to differential pressure on the two sides of the membrane pro-
duces a tensile strain in the membrane, as shown in Figure 4.19 (right).
The differential piezoelectric responses of the AlGaN and GaN layers cre-
ates a space charge which induces a 2DEG at the AlGaN–GaN interface.
The concentration of the 2DEG is expected to be directly correlated with
the tensile strain in the membrane, and hence with the differential pressure.
The radial strain is given by [59,60]

( )1sin/)sin22/)(r −=−=−= θθθθε RRDDS (4.10)
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The total tensile force around the edge of the circular membrane is
[61,62]

[ ]GaN r GaN GaN r/(1 )T Dt Dt E vπ σ π ε= = − (4.11)

where tGaN is the film of thickness, D is the diameter of the via hole, r  =
[EGaN/(1– )]εr, EGaN is Young’s modulus and   is Poisson’s ratio of the
GaN film.  The component of T along the z direction is balanced by the
force on the membrane due to a differential pressure Pi – P0, where Pi and
P0 are the inside and outside pressures respectively.

Figure 4.19. Pressure sensors made of a circular membrane of AlGaN–GaN on an SiC sub-
strate by etching a circular hole in the substrate (left). A deflection of the membrane away
from the substrate due to differential pressure on the two sides of the membrane produces a
tensile strain in the membrane (right)

Hence T sin  = (Pi – P0) D2/4 and the radial strain εr in the nitride film
can be expressed as a function of the differential pressure Pi – P0

( ) ( ) ( )i 0 GaN GaNsin ( ) 1 / 4P P v D E tθ θ− = − − (4.12)

where EGaN is Young’s modulus, D is the diameter of the via hole, tGaN is
the film thickness and  is Poisson’s ratio of the GaN film. If  is measured,
then the differential pressure Pi – P0 can be estimated with Equation (4.12).
We also derive the relationship between conductance σ of AlGaN–GaN
HEMT and radial strain εr. [63–65]:

Al GaN rGaN( ) ( )r f xσ α β ε= + (4.13)

where
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μs is the mobility of 2DEG, ε0  is the electric permittivity,  ε(x) = 9.5 – 0.5x
is the relative permittivity, eφb(x) = 0.84 + 1.3x (eV) is the SBH, eeff  = (e31–
e33)C13/C33, h is Planck’s constant, e is the electron charge, m*(x)
0.228me.  By monitoring the conductance of the HEMT on the membrane,
the pressure difference, Pi – P0, can be obtained.

Figure 4.20 illustrates four kinds of potential pressure sensors based on
GaN.  The first three are based on the conductance measurement to monitor
the pressure and the fourth based on the nitride film deflection.  Since ni-
tride HEMTs have been demonstrated for wireless communication applica-
tions, the pressure sensor can be integrated with wireless circuits.  The size
of the integrated pressure sensor can be as small as 500 × 500 μm2, and can
be placed in pipes or harsh environments for remote sensing.

The first pressure sensor is used to monitor the differential pressure.  A
via hole can be etched from the back side of the SiC substrate and stop on
the front-side GaN layer.  The detailed process of via hole formation is de-
scribed in the next section.  Metal electrodes are then deposited on the front
side of the membrane and encapsulated with dielectric (SiO2).  Previous
demonstrations of W- and WSi-based high-temperature metal contacts on
GaN and SiC, which can be operated at >800°C, suggest that these are good
choices for the metallization.[66,67]

In the second design, the via hole of the second sensor is sealed off with
another SiC by wafer bonding.  The bonding equipment is commercially
available.  A brief description of the wafer bonding is given in the next
section.  By sealing off the via hole, the sensor can be used for measure-
ment of the absolute pressure and vacuum, since the via hole seal is per-
formed under atmosphere.  In the third sensor, a reference pressure is in-
corporated, which is not exposed to the high-pressure side.  Since SiC and
GaN are good thermal conductors, the reference will experience the same
temperature as the front pressure.  A correction of temperature effect on the
pressure can be made by subtracting the reference signal from the signal
from the front-side pressure sensor.  The fourth sensor uses a laser beam to
reflect from the back of the nitride membrane to monitor the pressure.
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With this design, there is no need for metallization on the front side of the
sample.

Figure 4.20. Different designs for GaN-based pressure sensors

4.3.6 Selective-Area Substrate Removal

In order to make the AlGaN–GaN Micro Electro-Mechanical Systems
(MEMS) based membrane, the SiC substrate must be removed in selected
areas.  As mentioned previously, due to the extremely high chemical stabil-
ity of GaN and SiC, there is no convenient wet chemical etchant available.
Currently, the etching techniques used for wide bandgap semiconductors
are plasma based on dry etching, such as RIE, ECR or ICP etching.[68–79]
Typical etch rates for 4H- and 6H-SiC substrates in F2- or Cl2-based plas-
mas range between 0.2 and 1.3 μm/min.  Thus, even for a thinned-down
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substrate of 250 μm, the etch time is generally long and as much as 20–80 h
under ion energy conditions where mask erosion is not prohibitive.  An-
other significant drawback with dry etching for creating via holes in SiC is
the need for a very robust, typically metal, mask material such as Ni, Al or
Cr.  The deposition, patterning and subsequent removal of such masks adds
considerable complexity to the via fabrication process.

Laser drilling is a convenient method to form through-wafer via holes.
This technique has been shown to be capable of very high etch rates and
precise control of the via size and sidewall slope.  Laser drilling is often
used to machine hard materials such as superalloys.  A simple model sug-
gests that, above a threshold laser power density, the surface of the material
is melted and subsequently ejected by ablation.  The development of
maskless methods for creating via holes in giant magnetic resistant (GMR)
stacks, and in particular for standard thickness substrates, would give added
flexibility for creating custom patterns in the substrates through computer
control of the laser drilling location and would also eliminate the need for
wafer thinning prior to via formation.

We have obtained laser ablation rates for SiC in our initial experiments
of 229–870 μm/min, as shown in Figure 4.21 (top).  These are significantly
faster than the highest plasma etching rates achieved with ICP etching in
F2-based chemistries.  Hence, while laser drilling is inherently a serial pro-
cess when performed in a maskless configuration, the high ablation rates
mean that throughput will be comparable to a plasma etch via process in
which all the vias are formed simultaneously.  A further advantage of the
laser drilling technique is that the via hole pattern and the size of the vias
can be readily controlled by computer-controlled x–y positioning of the SiC
substrate, allowing much more flexibility and reducing costs relative to the
need for producing a separate mask in plasma etch processes.  We have
successfully made laser-drilled vias in materials such as GaN layers grown
on SiC substrates, as shown in the Figure 4.21 (bottom).  The smallest size
of the hole is 20 μm diameter.  Since there is no selectivity of laser abla-
tion, we will use laser drilling to remove most of the SiC and leave around
20–30 μm SiC.  F2-based selective plasma etching can be employed to etch
off the SiC and stop on the GaN buffer layer.

4.3.7 Biosensors Using AlGaN–GaN Heterostructures

The human immune system is extraordinarily complex, and antigen–anti-
body interactions are not fully understood at the present time.  Antibodies
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Figure 4.21. Laser ablation depths in SiC substrates as a function of number of laser pulses.
The laser was operated at 5 Hz. An effective etch rate of >200 μm/min can be achieved
(top); cross-sectional view of a 500 μm diameter through-wafer hole on GaN–SiC sample
(bottom)

Page 251 of 383



242      Chemical, Gas, Biological, and Pressure Sensing

are protein molecules, which are composed of equal numbers of heavy and
light polypeptide amino acid chains held together with disulfide bonds.
These highly specialized proteins are able to recognize and bind only cer-
tain types of antigen molecule at receptor sites.  Sensors based on using an-
tibodies to detect certain specific antigens are called immunosensors.
These immunosensors are useful for quantifying how well the human im-
mune system is functioning, and could serve as valuable diagnostic tools.
They can also be employed for identifying environmental contaminants and
chemical or biological agents.

Silicon-based FETs have been widely used as bio-sensors.  For example,
the silicon-based ion-sensitive FET (ISFET) is already commercialized to
replace conventional electrolyte pH meters.  Silicon-based MOSFETs and
ISFETs have also been used for immunosensors.  However, silicon-based
FETs are damaged by exposure to solutions containing ions. Si-FET-based
biosensors need an ion-sensitive membrane coated over their surface, and a
reference electrode (usually Ag/AgCl) is required to supply the bias volt-
age.  Special precautions must also be taken to apply those biomembranes
over the FETs so that they retain their enzymatic activity.  On the contrary,
GaN-based wide energy bandgap-based semiconductor material systems
are extremely chemically stable.  (The only known wet chemical etchant for
GaN is molten NaOH at 450°C.)  The bond between Ga and N is ionic, and
proteins can easily attach to the GaN surface.  This is one of the key factors
for making a sensitive biosensor with useful lifetime, compared with Si-
based FETs requiring coating with a membrane to accomplish this goal.

Ground-breaking work on the selectivity of peptide bonding to semicon-
ductor surfaces has shown that preferential bonding does indeed occur [80–
82] and is dependent on a number of factors, including crystallographic ori-
entation of the semiconductor surface, ionicity of the semiconductor bond-
ing, etc.  Previous work has focused primarily on Si, GaAs and InP [80],
though studies on metal oxides such as ZnO [81–83] and Cr2O3 [84] have
also been reported.  In most, if not all, of these cases, detailed understand-
ing of the chemistry behind the observed selectivity has not yet been
achieved.  Similarly, no information has yet been reported on the effects of
the peptide bonding on the underlying characteristics of the semiconductor
host.  Such information is critical to the development of high sensitivity
detection schemes that rely upon changes in the position of the near-surface
Fermi level for operation.
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The development of miniaturized total chemical analysis systems
(μTAS) in the past decade is now reflected in the ability of these devices to
conduct various chemical and biological analyses in a single chip.[85,86]
There is interest in the development of a microfluidic device for fluid han-
dling and reagent delivery.  Such a device will enable the attachment of an
array of biomolecules on the surface of GaN FET sensors, for the delivery
of a variety of reagents during biological assays, and for simultaneous in-
terrogation of a sample with an array of sensors.  The advantages of a mi-
crofluidics-based delivery system include the following.  First, microflu-
idics enables highly parallel, high-throughput reagent delivery.
Miniaturization relieves constraints of real-estate challenge when a large
number of sensor arrays are exploited.  Second, miniaturization enables in-
tegration with other components, such as electronic circuits and sensing
components, on the same chip.  Therefore, the results can be analyzed and
the signal can be interpreted on the device.  Third, microfluidics reduces
reagent consumption, which is especially beneficial for very expensive an-
tibodies and enzymes.  Other advantages from miniaturization include rapid
analysis, ease of automation, and potentially low cost.

The chemical sensor array can be integrated with wireless communica-
tion circuits for remote sensor applications.  This development likely repre-
sents assays of the future, which will clearly follow the trend toward in-
creased integration, greater sensitivity, higher specificity, and remote
sensing.  Given the strong sensitivity of gateless HEMT devices to polar
materials, there are currently many efforts to  use such structures for the
detection of ion currents through cell membranes in general and of action
potentials of neuron cells in particular.  This suggests the possibility of
functionalizing the surface for application as biosensors, especially given
the excellent stability of the GaN and AlGaN surfaces, which should mini-
mize degradation of adsorbed cells.  As an example, some initial studies of
cell adhesion on GaN and AlN are under way.  Figure 4.22 shows an opti-
cal micrograph of V-79 fibroplast cells cultured on AlN and GaN.  As sug-
gested by the coating of fibronectin below the cells, they adhere very well
to the Group III nitride surface and survive in a culture medium for a cou-
ple of days.  So far, very little is known about the interaction of living cell
tissue with Group III nitride surfaces, and we are currently performing a
systematic investigation of this topic.  Eventually it will be necessary to
integrate a lipid bilayer membrane onto the surface of the gateless HEMT
devices in order to measure single-ion currents associated with high sensi-
tivity bio-detection.  A schematic of this approach is shown in Figure 4.23.
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Figure 4.22. Optical microscope images of V-79 fibroplast-cell-coated AlN (left) and GaN
(right) surfaces. The image at the bottom shows that providing a nutrient (fibronyacin) to the
surface increases the cell density

Figure 4.23. Schematic of lipid bilayer membrane (top) and integration onto the gate region
of an AlGaN–GaN HEMT
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4.3.8 Surface Acoustic Wave-Based Biosensors

SAW-based biosensors for detecting chemical warfare agents, nerve gases,
and other toxic agents are of interest for defense industry and homeland se-
curity applications.  The piezoelectric microbalance or surface acoustic
wave transducers can also be used for air sampling, i.e. chemical noses.  A
neural-network-type of pattern recognition approach can be incorporated in
the design to provide early warning bio-sensor systems which can be built
into aircraft and mobile vehicles to detect noxious agents in the external air.
SAW devices have been successfully used as sensors to detect force, accel-
eration, shock torque, viscosity, pressure and humidity.[87,88]  SAW de-
vices have also been widely used to monitor thin film thickness and depo-
sition rate during the film deposition.  The detection sensitivity is excellent
and can detect 0.8% of a monolayer coverage on the surface.  By using
various coatings on the surface of the SAW devices, various cells, chemi-
cals, gases and bio-materials can be detected.[89,90]  The detection mecha-
nism for the SAW device utilizes the changes to the velocity or phase of an
acoustic wave propagating along the substrate due to changes to the char-
acteristics of the propagation path.  This is due to the fact that the energy of
the SAW is stored only in the top region (less than 1.5 times the wave-
length) of the surface of the material in which that wave propagates.  There-
fore, the surface of a SAW sensor is extremely sensitive to the outer envi-
ronment.  Thus, even slight changes in the environment on the surface can
be detected.  SAW sensors are not only relatively cheap, very sensitive, and
reliable, but they also do not need a dc power supply for certain operations,
which makes them perfect for wireless applications.

The sensitivity of a SAW device is proportional to the electromechanical
coupling coefficients of the substrate.  AlN- and GaN-based semiconductor
materials are excellent candidates for SAW devices due to their large elec-
tromechanical coupling coefficients (similar in magnitude to quartz and
much larger than those of GaAs- or SiC-based semiconductors), as illus-
trated in Table 4.1.  GaN HEMTs can be integrated with SAW devices to
create a unique acoustic velocity tuning device with low acoustic loss, high
frequency and low loss RF performance.  The 2DEG in the GaN HEMT
interacts with the lateral electric field, resulting in ohmic loss, which at-
tenuates and slows the SAW.  This mechanism can be used to tune the
acoustic velocity.  Combined with the optical characteristics of the wide
and direct band gap (~3.3 eV) semiconductor GaN, the SAW-based chip
can also be used for UV optical signal processing.  By aligning the device
parallel to the c-axis of the GaN film, Rayleigh-type SAWs are excited,
while Love-type SAWs are excited.  If the devices are aligned perpendicu-
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lar to the c-axis, then the Rayleigh wave mode is suitable for gaseous-type
environment sensing.  For the Love wave mode operation, there is no verti-
cal wave component, which is ideal for liquid-type environment sensing.
The GaN-based SAW chip also offers an acoustic–optical dual mode sens-
ing mechanism.  Likewise, the optical properties parallel and perpendicular
to the c-axis are different, allowing novel optical devices, such as high-
contrast modulators.  The successful development of the GaN–AlGaN-
based HEMT-SAW chip technology will provide industry with state-of-the-
art new multifunctional chip technologies.  It will not only improve the ex-
isting devices, but also develop fundamentally new approaches to multi-
mode tunable chemical and biochemical sensors.

Table 4.1. Acoustic velocity and electromechanical coupling coefficient of differ-
ent SAW materials

Material Velocity (m/s) K2
eff

GaN 3693–4001 0.00131
AlN 5790 0.0025

4H-SiC 6832 0.000112
LiNbO3 3488 0.0232
GaAs 2867 0.000593–0.00064
Quartz 3158 0.0011

ZnO–R-Al2O3 4200 0.06

AlN- and GaN-based material systems are almost ideal SAW materials
due to their high SAW velocity, high electromechanical coupling coeffi-
cients and their compatibility with electronic integration.  Nitride-based
materials also show excellent resistance to humidity and chemical etching.
Nitride-based (AlGaN–GaN) HEMTs have shown a strong piezoelectric ef-
fect and have been used to fabricate very sensitive piezoelectric microbal-
ances.  Biologically active films can be coated on the microbalance.  Mi-
crobalances and the influence of adsorption of toxicants and rate of toxicant
mass accumulation can affect the acoustic waves propagating in the
AlGaN–GaN layer.  The high electromechanical coupling coefficients of
piezoelectric nitride-based materials, in conjunction with the properties of
low acoustic loss and high velocity, offer excellent potential for use in high
frequency and low loss RF applications.  SAW devices operating in the ki-
lohertz to gigahertz range can be designed and integrated with wireless re-
mote sensing applications.

The GaN-based SAW chip also offers an acoustic–optical dual mode
sensing mechanism.  Likewise, the optical properties parallel and perpen-
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dicular to the c-axis are different, allowing novel optical devices, such as
high-contrast modulators.  It is highly desirable to increase the device op-
eration frequency of SAW devices, as this has been shown to improve the
signal-to-noise ratio and the detectivity of such devices.[91]  Operation fre-
quency is a function of the device size, determined by lithography, and the
velocity of propagation in the SAW media.  Conventional piezoelectric
materials, such as quartz or lithium niobate, offer limited performance due
to their relatively low velocities of ~3000 to ~4000 m/s.[92]  Thin piezoe-
lectric films which have high SAW velocity and which can be integrated
with a non-piezoelectric substrate such as Si are highly desirable.  AlN is
an almost ideal SAW material due to its high SAW velocity, ~5600 m/s, as
illustrated in Table 4.1, and its compatibility with electronic integra-
tion.[93–98] AlN on Si is a particularly attractive combination, as the oppo-
site temperature coefficients of delay of Si and AlN facilitate realization of
thermally stable SAW devices.  Preliminary work on this material system
reported in the literature has shown great promise.[98]  This work was car-
ried out using sputtering to deposit the AlN.  The resultant microstructure
was fine-grained polycrystalline.  Significant improvement is expected if
higher quality films are employed.  This can be achieved by using epitaxial
processes, such as MBE.

4.4 Surface Acoustic Wave Device Fabrication

Both inter-digitated transducer (IDT)-based SAW and flexural plate wave
(FPW) devices can be employed, for sensing gas or liquid bio-agents re-
spectively, as illustrated in Figure 4.24.  For both kinds of SAW device, a
pair of IDTs are fabricated on the substrate (AlN or GaN) as the input and
output ports of the signals.  The fabrication of SAW devices consists of
material selection, photolithography, metal deposition, dicing and chip
mounting, as depicted in Figure 4.25.

The SAW devices are designed according to the frequency and band-
width of operation.  The acoustics wave can be expressed as a complex
constant (γ = α + jβ).  The attenuation constant, α, and propagation con-
stant, β=2π/λ, are important design parameters of the SAWs, where λ is the
acoustic wavelength.  Another important design parameter is the electro-
mechanical coupling coefficient K2, which is a measure of the efficiency in
converting an applied microwave signal into mechanical energy.  These pa-
rameters will determine the magnitude of the observed changes in the SAW
phase velocity Δν/ν and attenuation of the SAW intensity Γ and can be ex-
pressed as
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Figure 4.24. Schematics of IDT-based SAW (top) and FPW (bottom) devices
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Figure 4.25. Fabrication sequence of the IDT

where σ is the sheet conductivity and σm is the critical conductivity at
which maximum attenuation occurs.

The physical SAW devices can be designed by choosing the desired op-
erating frequency and bandwidth.  As illustrated in Figure 4.26 (top), the
operation frequency of the SAW device fo can be designed by properly
choosing the spacing between the inter-digital fingers d such that

of d

ν= (4.18)

where ν is the wave velocity in the specific substrate.  Therefore, the di-
mensions of the SAW devices depend on the operation frequency, which
can vary from a few micrometers for gigahertz operation to millimeter,
range for kilohertz operation.  SAW devices operating in the kilohertz to
gigahertz range can be readily designed and integrated with RF integrated
circuits for wireless remote sensing applications.  The bandwidth of the
acoustic wave is given as

2
B

Nd

ν= (4.19)

where N is number of inter-digital fingers, as shown in Figure 4.26 (bot-
tom).
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Figure 4.26.  The dimension of the SAW device depends on the operation frequency of the
SAW (top).  The bandwidth of the SAW is a function of the number of the IDT and the fre-
quency (bottom)

4.5 Surface Acoustic Wave Device for Gas Sensing

Gas sensing is achieved by producing a change in the characteristics of the
substrate material between the input and output IDT, where the acoustic
waves travel.  A pair of SAW devices can be used for gas sensing: one as
the reference and the other for detection.  Depending on the type of chemi-
cal and bio-agents needed to be detected, an absorbing layer for the specific
chemical or bio-agent is coated on the surface of the SAW between the in-
put and output IDT.  Initially, two sets of SAWs are impedance-matched,
which means the wave reaching the output IDT will have the same phase
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and the same velocity.  If the bio-agents adhere to the coated materials, the
phase of the wave will be affected by the bio-agents, then these two sets
will have different phases.  By integration with a mixer, one can monitor
the change easily.  Table 4.2 contains a list of coatings for specific chemi-
cal agents.  Excellent gas detection should be observed for GaN- and AlN-
based SAW devices.

Table 4.2. Coatings for SAW devices

Analyte Coating
Detection
limit

Explosive Carbowax 1000 1 ppb
Sulfur dioxide Dinonyl phthalate 5 ppm

Toluene Polyamidoxime 90 ppm
Phosgene Methyltrioctyl phosphonium

dimethylphosphate
5 μg/l

H2 Pd 50 ppm
Hg Au 2 × 10–3 M
H2S WO3 10 ppb
NH3 Pt 1  μg/ml
NO2 MnO2 7 ppm
SO2 Au 20 ppb

Ozone Polybutadiene 10 ppb
Candida albicans Anti-Candida antibody 106 cells/cm

Glucose Hexokinase 1 mM
Human IgG Goat Antihuman IgG Protein A 12 μg

4.6 Flexural Plate Wave Device for Liquid Sensing

As shown in the Figure 4.24 (bottom), the configuration of the FPW is
identical to the gas-sensing-based SAW device, with the exception of an
additional via hole fabricated on the substrate to accommodate the liquid
sample.  GaN membranes can be fabricated by etching off the Si substrate
in an ICP system using SF6-based chemistry.  Thick photoresist (>10 μm) is
used as the etch mask.

4.7 Surface Acoustic Wave Array

To increase selectivity, it is typical to employ an array of SAW devices,
with different coatings used to identify specific chemical or bio-agents.
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Since each SAW device is so small, the arrays are portable.  In addition,
integrated with a power amplifier such as an MMIC, these devices can be
transported by an unmanned aircraft into dangerous environments.  SAW
devices do not need a power supply; so, once they are installed at targeted
areas, they can be monitored wirelessly without a battery, which means
they can operate semi-permanently. The successful development of the
GaN–AlGaN-based HEMT-SAW chip technology will provide industry
with state-of-the-art new multifunctional chip technologies.  It will not only
improve the existing devices, but also develop fundamentally new ap-
proaches to multi-mode tunable chemical and biochemical sensors.

4.8 Wireless Sensor Network and Wireless Sensor Array
Using Radio Frequency Identification Technology

Owing to their flexibility in field deployment, sensors with wireless data
transmission capability are of great interest for applications in security,
civil engineering, biometrics, telemedicine, homeland defense, transporta-
tion, etc.  For many applications, multiple wireless sensors of the same
function or different functions need to be deployed at multiple locations.  A
simple wireless sensor network is therefore needed to manage the collec-
tion and processing of data from multiple sensors at multiple locations.  It
is preferable to make the RF transceiver in each wireless sensor as simple
as possible to reduce its size and power consumption.

The RF identification (RFID) technology has advanced to a level that an
ultra-small RFID tag can be monolithically integrated in a tiny chip.  The
tag device consumes very little power and, therefore, can operate with a
very small battery or even without a battery.  In the latter case, the tag de-
vice is powered by the external interrogation signal from the base station.
Its low data bandwidth, low power operation makes it suitable to integrate
with sensors for wireless sensing, since the data bandwidth and operating
power of the sensor is also very low.  Once the detected sensor data is dig-
itized, it can be merged with the ID code and transmitted together.  The
RFID part of the integrated wireless sensor functions as a simple RF trans-
ceiver which receives a base station signal to turn on the transmitter and
sends back the sensor data.  This type of wireless sensor is suitable for
short-range operation similar to a personal area network (PAN).

It is possible to combine sensor technologies and RFID technologies to
build a simple wireless sensor network.  The network consists of multiple
sensors of the same function or different functions, e.g. chemical, biologi-
cal agent, pressure, temperature, and UV detections.  Each sensor is con-
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nected to an RFID tag with a unique ID code that identifies its sensing

function and location.  Two operation modes, active and passive, will be

studied. In the active operation mode, it sends out the data to a central

monitor station whenever the sensor detection is positive and triggers the

RFID tag transmitter.  A battery or other power source is needed to operate

the wireless sensor.  In the passive operation mode, the sensor is activated

by the central monitor station’s interrogation signal and responds with the

data.  Extremely low-power wireless sensor design will be explored to in-

vestigate the feasibility of powering the device with an RF interrogation

signal, which eliminates the need to use a battery.  Figure 4.27 shows the

block diagram of the integrated wireless sensor with RFID.  The sensor can

be powered by the external interrogation RF energy from the base station,

or an integrated battery.  The sensor data is merged with the RFID code,

which modulates the antenna load and the reflected signal from the base

station.

Figure 4.27. Block diagram of wireless sensor with RFID, using 10 MHz oscillator (OSC)
and modulator (MUD).

A wireless sensor array using RFID is similar to the above except that

multiple wireless sensors are integrated together on one substrate.  A typi-

cal example is a biomedical or biochemical lab-on-chip.  Two types of in-

tegration can be employed, i.e. hybrid integration and monolithic integra-

tion.  In hybrid integration, an array of wireless sensors, with each

consisting of a printed antenna, an RF tag circuit, and a sensor will be inte-

grated on a PCB substrate.  The antenna size is dominant and determines

the overall size of the wireless sensor array.  To have monolithic integra-

tion, the antenna needs to be small and operate at higher frequency.

The advantages of using RFID technology are small size, low cost, and

low power.  On the other hand, the RFID technology is limited in range,

which is in the order of a few meters.  For some applications where size

and power consumption are not critical, but operating distance is a major

concern, the wireless sensor architecture in Figure 4.28 can be used.  The
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device consists of multiple sensors, a memory stores its ID code, a data
processor that collects sensor data and merges this with the ID code, and
transmitter with power amplifier and antenna array for long-range transmis-
sion.  The beam-forming antenna array can be pre-programmed to point the
antenna beam to the central station.

Figure 4.28. Long-range wireless sensor using voltage, controlled oscillator (VCU)

Finally, it is possible to use the signals from a distributed sensor array to
track the extent of a gas or chemical release in real time.  Figure 4.29 shows
a simulation of the spreading of a gas release in an urban environment (the
white shapes represent buildings) by combining wind speeds and direc-
tions, ambient temperature, nature of the gas, etc.  A distributed network of
GaN-based sensors with integrated wireless data transmission would be ca-
pable of real-time tracking of the extent of chemical contamination.

Figure 4.29. Simulation of time dependence of spreading of a gas release between buildings
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4.9 Summary

AlGaN–GaN HEMTs show a strong dependence of source–drain current on
the piezoelectric polarization-induced 2DEGs to variations in electrostatic
boundary conditions of the free surface above the 2DEG (polar liquids, de-
composition of hydrogen by catalytic Pt contacts, and applied strain).
These particularly attractive features of AlGaN–GaN heterostructures make
it possible for these sensors to function with excellent thermal, chemical,
and mechanical stability, which suggests that nitride HEMTs are excellent
candidates for pressure sensor and piezoelectric-related applications.  Much
more research is needed to develop AlGaN–GaN heterostructure-based
sensors which really can compete in real applications.
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5 Nitride-Based Spintronics

5.1 Abstract

The field of semiconductor spintronics seeks to exploit the spin of charge

carriers in new generations of transistors, lasers and integrated magnetic

sensors. There is strong potential for new classes of ultra-low power, high-

speed memory, logic and photonic devices based on spintronics.  The utility

of such devices depends on the availability of materials with practical mag-

netic ordering temperatures, and most theories predict that the Curie tem-

perature will be a strong function of bandgap.  In this chapter we review the

current state of the art in producing room-temperature ferromagnetism in

GaN-based materials, the origins of the magnetism and its potential appli-

cations.

5.2 Introduction

There is great current interest in the emerging field of semiconductor spin

transfer electronics (spintronics), which seeks to exploit the spin of charge

carriers in semiconductors.  It is widely expected that new functionalities

for electronics and photonics can be derived if the injection, transfer and

detection of carrier spin can be controlled above room temperature.

Among this new class of devices are magnetic devices with gain, spin tran-

sistors operating at very low powers for mobile applications that rely on

batteries, optical emitters with encoded information through their polarized

light output, fast non-volatile semiconductor memory and integrated mag-

netic/electronic/photonic devices (“electromagnetism-on-a-chip”).  Since

the magnetic properties of ferromagnetic semiconductors are a function of

carrier concentration in the material in many cases, then it will be possible

to have electrically or optically controlled magnetism through field-gating

of transistor structures or optical excitation to alter the carrier density.  A

number of recent reviews have covered the topics of spin injection, coher-
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ence length and magnetic properties of materials systems, and the general

areas of spin injection from metals into semiconductors and applications of

the spintronic phenomena.[1–4]  Although there have been recent reports of

successful and efficient spin injection from a metal to a semiconductor even

at room temperature by ballistic transport (i.e. Schottky barriers and tun-

neling), the realization of functional spintronic devices requires materials

with ferromagnetic ordering at operational temperatures compatible with

existing semiconductor materials.

5.3 Potential Semiconductor Materials for Spintronics

There are two major criteria for selecting the most promising materials for

semiconductor spintronics.  First, the ferromagnetism should be retained to

practical temperatures (i.e. >300 K).[5–8]  Second, it would be a major ad-

vantage if there were already an existing technology base for the material in

other applications.  Most of the work in the past has focused on (Ga,Mn)As

and (In,Mn)As.  There are indeed major markets for their host materials in

infrared LED and lasers and high-speed digital electronics (GaAs) and

magnetic sensors (InAs).  In samples carefully grown with single-phase

MBE, the highest Curie temperatures reported are ~110 K for (Ga,Mn)As

and ~ 35 K for (In,Mn)As. One of the most effective methods for investi-

gating spin-polarized transport is by monitoring the polarized electrolumi-

nescence output from a quantum-well LED into which the spin current is

injected.  Quantum selection rules relating the initial carrier spin polariza-

tion and the subsequent polarized optical output can provide a quantitative

measure of the injection efficiency.

There are a number of essential requirements for achieving practical

spintronic devices in addition to the efficient electrical injection of spin-

polarized carriers.  These include the ability to transport the carriers with

high transmission efficiency within the host semiconductor or conducting

oxide, the ability to detect or collect the spin-polarized carriers, and to be

able to control the transport through external means, such as biasing of a

gate contact on a transistor structure.

We focus on a particular and emerging aspect of spintronics, namely re-

cent developments in achieving practical magnetic ordering temperatures in

technologically useful semiconductors.[5–10]  While the progress in syn-

thesizing and controlling the magnetic properties of Group III–arsenide

semiconductors has been astounding, the reported Curie temperatures are

too low to have significant practical impact.
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Other materials for which room-temperature ferromagnetism has been

reported include (Cd,Mn)GeP2 [6], (Zn,Mn)GeP2 [7], ZnSnAs2 [8],

(Zn,Co)O [9] and (Co,Ti)O2 [10].  Some of these chalcopyrites and wide

bandgap oxides have interesting optical properties, but they lack a technol-

ogy and experience base as large as that of most semiconductors.

The key breakthrough that focused attention on wide bandgap semicon-

ductors as being the most promising for achieving practical ordering tem-

peratures was the theoretical work of Dietl et al. [11].  They predicted that

cubic GaN doped with ~5 at.% of Mn and containing a high concentration

of holes (3.5×1020
 cm

–3
) should exhibit a Curie temperature exceeding

room temperature.  In the period following the appearance of this work,

there has been tremendous progress on both the realization of high-quality

(Ga,Mn)N epitaxial layers and on the theory of ferromagnetism in these so-

called dilute magnetic semiconductors (DMSs).  The term DMS refers to

the fact that some fraction of the atoms in a non-magnetic semiconductor

like GaN are replaced by magnetic ions.  A key, unanswered question is

whether the resulting material is indeed an alloy of (Ga,Mn)N or whether it

remains as GaN with clusters, precipitates or second phases that are respon-

sible for the observed magnetic properties.[12]

5.4 Mechanisms of Ferromagnetism

Two basic approaches to understanding the magnetic properties of DMSs

have emerged.  The first class of approaches is based on mean-field theory.

The theories that fall into this general model implicitly assume that the

DMS is a more-or-less random alloy, e.g. (Ga,Mn)N, in which Mn substi-

tutes for one of the lattice constituents.  The second class of approaches

suggests that the magnetic atoms form small (a few atoms) clusters that

produce the observed ferromagnetism.[12]  A difficulty in experimentally

verifying the mechanism responsible for the observed magnetic properties

is that, depending on the conditions employed for growing the DMS mate-

rial, it is likely that one could readily produce samples that span the entire

spectrum of possibilities from single-phase random alloys to nanoclusters

of the magnetic atoms to precipitates and second phase formation.  There-

fore, it is necessary to decide on a case-by-case basis which mechanism is

applicable.  This can only be achieved by a careful correlation of the meas-

ured magnetic properties with materials analysis methods that are capable

of detecting other phases or precipitates.  If, for example, the magnetic be-

havior of the DMS is characteristic of that of a known ferromagnetic sec-

ond phase (such as MnGa or Mn4N in (Ga,Mn)N), then clearly the mean-
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field models are not applicable.  To date, most experimental reports con-

cerning room-temperature ferromagnetism in DMS employ x-ray diffrac-

tion, selected-area diffraction patterns, TEM, photoemission or x-ray ab-

sorption (including extended x-ray absorption fine structure, EXAFS, as

discussed later) to determine whether the magnetic atoms are substituting

for one of the lattice constituents to form an alloy.  Given the level of dilu-

tion of the magnetic atoms, it is often very difficult to categorically deter-

mine the origin of the ferromagnetism.  Indirect means, such as supercon-

ducting quantum interference device (SQUID) magnetometer

measurements, to exclude any ferromagnetic intermetallic compounds as

the source of magnetic signals (and even the presence of what is called the

anomalous or extraordinary Hall effect), have been widely used to verify a

single-phase system, both may be insufficient to characterize a DMS mate-

rial.

The mean-field approach basically assumes that the ferromagnetism oc-

curs through interactions between the local moments of the Mn atoms,

which are mediated by free holes in the material.  The spin–spin coupling is

also assumed to be a long-range interaction, allowing use of a mean-field

approximation.[13–20]  In its basic form, this model employs a virtual-

crystal approximation to calculate the effective spin-density due to the Mn

ion distribution.  The direct Mn–Mn interactions are antiferromagnetic, so

that the Curie temperature TC for a given material with a specific Mn con-

centration and hole density (derived from Mn acceptors and/or intentional

shallow level acceptor doping) is determined by a competition between the

ferromagnetic and antiferromagnetic interactions.  Numerous refinements

of this approach have appeared recently, taking into account the effects of

positional disorder [16,17], indirect exchange interactions [18], spatial in-

homogeneities and free-carrier spin polarization [19,20].  Figure 5.1 shows

a compilation of the predicted TC values, together with some experimental

results.  In the subsequent period its after two appearance of the Dietl et al.

[11] paper, remarkable progress has been made on the realization of materi-

als with TC values at or above room temperature.  While most of the theo-

retical work for DMS materials has focused on the use of Mn as the mag-

netic dopant, there has also been some progress on identifying other

transition metal atoms that may be effective.  Figure 5.2 summarizes the

two main theoretical approaches to understanding the ferromagnetism.  In

the mean-field theories, the Mn ions are considered to be embedded in a

high concentration of free carriers that mediate the coupling between the

Mn ions.  In the bound magnetic polaron (BMP) models, the carrier con-

centration is much less than the Mn density and BMPs form consisting of

carriers localized around large clusters of Mn.  As the temperature is low-
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ered, the diameter of the BMPs increases and eventually overlaps at the Cu-

rie temperature.

Figure 5.1. Predicted Curie temperatures as a function of bandgap, along with some ex-

perimental results (UF refers to University of Florida data)

Figure 5.2. Schematic of theoretical approaches for ferromagnetism mechanisms in dilute

magnetic semiconductors.  The top figure represents the mean-field approach and the bottom

the BMP approach
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5.5 (Ga,Mn)N

Clear signatures of room-temperature ferromagnetism were observed in

epitaxial GaN layers grown on sapphire substrates and then subjected to

solid-state diffusion of Mn at temperatures from 250 to 800 C for various

periods. [21,22]  Anomalous Hall effect was observed  at 323 K.  The Curie

temperature was found to be in the range 220–370 K, depending on the dif-

fusion conditions.  The use of ion implantation to introduce the Mn pro-

duced lower magnetic ordering temperatures.[23,24]

In (Ga,Mn)N films grown by MBE at temperatures between 580 and

720 C with Mn contents of 6–9 at.%, magnetization M versus magnetic

field H curves showed clear hysteresis at 300 K, with coercivities of 52–85

Oe and residual magnetizations of 0.08–0.77 emu/g at this temperature.  An

estimated TC of 940 K was reported, using a mean-field approximation to

analyze the experimental data.[25]  Note that while the electrical properties

of the samples were not measured, they were almost certainly n-type [26–

28].  As we discussed above, it is difficult to obtain high Curie

temperatures in n-type DMS materials according to the mean-field theories,

and this is something that needs to be addressed in future refinements of

these theories.  The 940 K result is now considered to be most likely due to

MnGa or Mn4N inclusions and not to single-phase (Ga,Mn)N.

  Room-temperature ferromagnetism in single-phase n-type (Ga,Mn)N

grown by MBE has also been reported by Thaler et al. [29], as shown in

Figure 5.3.  In general, no second phases are found for Mn levels below

~10% for growth temperatures of ~750 C.  The (Ga,Mn)N retains n-type

conductivity under these conditions.  In that case, strenuous efforts were

made to exclude any possible contribution from the sample holder in the

SQUID magnetometer or other spurious effects.  It is also worthwhile

pointing out that, for the studies of (Ga,Mn)N showing ferromagnetic or-

dering by magnetization measurements, a number of materials characteri-

zation techniques did not show the presence of any second ferromagnetic

phases within detectable limits.  In addition, the values of the measured co-

ercivities are relatively small.  If indeed there were undetectable amounts of

nano-sized clusters, due to geometrical effects, the expected fields at which

these clusters would switch magnetically would be expected to be much
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larger than what has been observed.  In accordance with most of the theo-

retical predictions, magnetotransport data showed the anomalous Hall ef-

fect, negative magnetoresistance and magnetic resistance at temperatures

that were dependent on the Mn concentration.  For example, in films with

very low (<1%) or very high (~9%) Mn concentrations, the Curie tempera-

tures were between 10 and 25K.  An example is shown in Figure 5.3 for an

n-type (Ga,Mn)N sample with ~7% Mn.  The sheet resistance shows nega-

tive magnetoresistance below 150 K, with the anomalous Hall coefficient

disappearing below 25 K.  When the Mn concentration was decreased to 3

at.%, the (Ga,Mn)N showed the highest degree of ordering per Mn atom.

Figure 5.3(a) shows hysteresis present at 300 K, while the magnetization as

a function of temperature is shown in Figure 5.3(b).  Data from samples

with different Mn concentrations is shown in Figure 5.3(c) and indicates

ferromagnetic coupling, leading to a lower moment per Mn.  Data from

field-cooled and zero-field-cooled conditions was further suggestive of

room-temperature magnetization.  The significance of these results is that

there are many advantages from a device viewpoint to having n-type ferro-

magnetic semiconductors. EXAFS measurements have been performed on

(Ga,Mn)N samples grown by MBE on sapphire at temperatures of 400–

650 C with Mn concentrations of ~7×1020
 cm

–3
 (i.e. slightly over 2

at.%).[30]  Most of the Mn substituted for Ga on substitutional lattice

positions.  In the samples grown at 650 C, <1 at.% of the total amount of

Mn was found to be present as Mn clusters.  However, at lower growth

temperatures (400 C), the amount of Mn that could be present as clusters

increased up to ~36 at.% of the total Mn incorporated.  The ionic state of

the substitutional Mn was found to be primarily Mn(2), so that these

impurities act as acceptors when substituting for the Ga with valence three.

However, when the electrical properties of these samples were measured,

they were found to be resistive.[29]  This result emphasizes how much

more needs to be understood concerning the effects of compensation and

unintentional doping of (Ga,Mn)N, since the EXAFS data indicated the

samples should have shown very high p-type conductivity due to

incorporation of Mn acceptors.

However, there are still strong variations in the reported magnetic be-

havior, with some films exhibiting only paramagnetism and even those
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Figure 5.3. (a) B–H from MBE-grown (Ga,Mn)N with 9.4 at.% Mn (closed circles) and

from sapphire substrate (open circles), (b) M–T of (Ga,Mn)N, and (c) B–H from (Ga,Mn)N

as a function of Mn concentration

with ferromagnetism showing a wide range of apparent Curie temperatures

TC.[31–40]  In particular, the origin of this ferromagnetism is not clear.

Current hypotheses include a mean-field model (based on the Ruderman–

Kittel–Kasuya–Yoshida, RKKY, interaction) in which the ferromagnetism

results from carrier mediation by delocalized or weakly localized holes in

p-type material or various types of small clusters of the Mn such as MnxN.

Given that the Mn
3+/2+

 acceptor level is deep (~EV+ 1.8 eV), it is not ex-

pected that free-carrier-mediated magnetism is significant, but tightly

bound carriers could play a role.  The first class of approaches based on

mean-field theory, which originates in the original model of Zener magnet-

ism.[41–43]  The theories that fall into this general model implicitly as-

sume that the DMS is a more-or-less random alloy, e.g. (Ga,Mn)N, in

which Mn substitutes for one of the lattice constituents.  The second class

of approaches suggests that the magnetic atoms form small (a few atoms)
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clusters that produce the observed ferromagnetism.  A difficulty in experi-

mentally verifying the mechanism responsible for the observed magnetic

properties is that, depending on the growth conditions employed for grow-

ing the DMS material, it is likely that one could readily produce samples

that span the entire spectrum of possibilities from single-phase random al-

loys to nanoclusters of the magnetic atoms to precipitates and second phase

formation.  Therefore, it is necessary to decide on a case-by-case basis

which mechanism is applicable.  This can only be achieved by a careful

correlation of the measured magnetic properties with materials analysis

methods that are capable of detecting other phases or precipitates.  If, for

example, the magnetic behavior of the DMS is characteristic of that of a

known ferromagnetic second phase (such as MnGa or Mn4N in (Ga,Mn)N

[44]), then clearly the mean-field models are not applicable.

5.6 Role of Second Phases

There is clearly a need to examine the properties of (Ga,Mn)N with and

without second phases, at least as detected by common analysis methods

such as  x-ray diffraction.  The magnetic properties of (Ga,Mn)N grown by

MBE with a broad range of Mn concentrations (5 or 50 at.%) and which

exhibited either one phase or multiple phases were examined.  The first

sample had an Mn concentration of ~5 at.% as determined by both AES and

Rutherford backscattering.  The growth conditions (temperature, rate and

V/III ratio) were optimized to produce single-phase material.  The second

sample also had a Mn concentration of ~5 at.%, but was grown under con-

ditions where we observe second phases. The third sample had a Mn con-

centration of ~50 at.% and was designed to contain large concentrations of

second phases.

Figure 5.4 shows the resulting x-ray diffraction powder scans from the

three samples.  Second-phase peaks are observed for the unoptimized 5

at.% Mn sample and the 50 at.% sample.  In the optimized 5 at.% Mn mate-

rial, only peaks due to hexagonal c-axis-aligned GaN and GaMn were ob-

served. In separate experiments we have observed a linear variation in

(Ga,Mn)N lattice constant with Mn concentration provided that the material

does not develop secondary phases.  The only second phases observed in

the unoptimized or high Mn concentration samples are GaxMny.  Within

this family of compounds, most are reported to be ferromagnetic in bulk

form, namely Mn2Ga (TC = 690 K), Mn3Ga (TC=743 K), Mn5Ga8 (TC 210

K) and MnGa (TC>300 K).  We have not observed Mn4N or other MnxNy

phases under our growth conditions.  In growth of (Ga,Mn)N by MBE us-
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ing a single precursor of [Et2Ga(N3)NH2CH3], the dominant second phase

was Mn3GaN (TC 200 K).[26]

Figure 5.4. X-ray diffraction scans from (Ga,Mn)N with either 5 at.% Mn (optimized

growth, sample 1), 5 at.% Mn (unoptimized growth, sample 2) or 50 at.% Mn (sample 3)

All of the samples exhibited hysteresis in 300 K magnetization versus

field loops (Figure 5.5), with coercivities in the region of 100 G.  A more

instructive measurement is that of the temperature dependence of the field-

cooled (FC) and zero field-cooled (ZFC) magnetization, performed in a

Quantum Design SQUID magnetometer.  As shown in Figure 5.6 (top), the

single-phase (Ga,Mn)N is ferromagnetic to >300 K, as evidenced by the

separation in FC and ZFC curves.  By sharp contrast, the x=0.5 sample

shows behavior typical of a spin glass at <100 K (Figure 5.6 center), while

the multi-phase x=0.05 material shows behavior consistent with the pres-

ence of at least two ferromagnetic phases (Figure 5.6 bottom).  Note that

the 50% sample still exhibits a loop at 300 K, indicating a small difference

in FC and ZFC magnetization at this temperature.  All of this behavior is

consistent with the x-ray diffraction data.
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Figure 5.5. 300 K hysteresis loops for (Ga,Mn)N with 5 at.% Mn (optimized growth) at top,

50 at.% Mn (at center) or 5 at.% Mn (unoptimized growth) at bottom
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Figure 5.6. Temperature dependence of FC (top curve in each case) and ZFC (bottom curve

in each case) magnetic moment for (Ga,Mn)N with 5 at.% Mn (optimized growth) at top, 50

at.% Mn at center or 5 at.% Mn (unoptimized growth) at bottom
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What can be established from these experiments is that (Ga,Mn)N with 5
at. % Mn, grown by MBE under optimum conditions, shows no detectable
second phases in  x-ray diffraction spectra and exhibits ferromagnetism to
>300 K.  In material known to have second phases, the magnetization ver-
sus temperature behavior shows either a spin-glass-type transition or cusps
corresponding to the presence of multiple phases.

5.7 Electrical and Optical Properties

While a number of groups have reported room-temperature ferromagnetism
in GaN doped with Mn or Cr [31,32,34,35], there has been little investiga-
tion of the electrical and optical properties of the material.  The carrier-
induced ferromagnetism model requires hole-induced interactions between
the spins of the substitutional transition metal ions.  However, the few re-
ports of the position of Mn in the GaN bandgap find it to be very deep,
EV=1.4 eV, where it would be an ineffective acceptor dopant.[45–47]  In
addition, most of the data reported for GaMnN indicate it is either insulat-
ing or n-type.

The resistivity of GaMnN grown by MBE has been examined using both
Schottky diode and TLM measurements and optical absorption spectra
from GaMnN films as a function of Mn concentration.  Features at EC=–1.9
eV are found in the absorption spectra, corresponding to transitions from
Mn to the conduction band.  However, this state does not control the Fermi
level position in the GaMnN, and the material remains high-resistivity n-
type with a thermal activation energy of ~0.1 eV.  The results have inter-
esting indications for both the existing theoretical models for DMSs and for
the potential technological uses of GaMnN.

Figure 5.7 (top) shows the low bias I–V characteristics at 25°C from the
GaMnN–GaN device structure.  The results are consistent with the GaMnN
having a high resistivity of ρ=3.7×107 Ω cm.  Even at higher biases, the I–V
characteristic is dominated by the high resistance of the GaMnN (Figure
5.7, bottom).

From TLM ohmic metal patterns placed directly on the GaMnN layer,
we were able to measure the temperature dependence of the sheet
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Figure 5.7. Low bias I–V characteristics at 25°C from Schottky diode GaMnN/GaN struc-
ture (top) and forward I–V plots from several diodes at highest bias (bottom)

resistivity.  Figure 5.8 shows an Arrhenius plot of this data, corrected for
the temperature dependence of the mobility contribution to the sheet resis-
tivity. Over a broad range of temperature, the sheet resistivity varies as

( )S S0 aexp /E kTρ ρ= − (5.1)
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where Ea=0.11 0.02eV.  This represents the activation energy of the de-

fects or impurities controlling the n-type conductivity of the GaMnN.

Figure 5.8. Arrhenius plot of sheet resistivity of GaMnN layer, adjusted for the temperature

dependence of mobility.  The resulting activation energy is ~0.1 eV

These results are consistent with the absorption data.  Figure 5.9 shows

the spectral dependence of absorption coefficient for GaMnN as a function

of Mn concentration.  The introduction of Mn produced an absorption band

with a threshold near 1.9 eV, which has been previously ascribed to transi-

tions from Mn acceptors to the conduction band.  We do not observe the

band with a threshold near 1.4 eV corresponding to the transition from the

valence band to the Mn acceptor, which is strong evidence for the sample

being n-type with the Fermi level in the upper level of the bandgap.  Thus,

even though there is a very high concentration of Mn acceptors in the

GaMnN, these do not control the electrical properties of the materials.  One

possibility for the 0.1 eV donors are nitrogen vacancies.
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Figure 5.9. Optical absorption spectra from GaMnN layer as a function of Mn concentration

Recent experiments on photoluminescence, optical absorption and pho-

tocapacitance spectra from Mn-doped layers grown by MOCVD suggest

that Mn forms in GaN a deep acceptor level near EV=+1.4  eV.[48–51]

However, Mn implanted and annealed GaN films with Curie temperatures

close to room temperature do not show the semi-insulating behavior ex-

pected in such a case.  Therefore, some other defect centers must also be

formed in high concentration and contribute to conduction mechanisms in

implanted films.

The optical transmission spectrum taken for the control sample (Figure

5.10) showed a sharp edge near 3.4 eV, and a dense pattern of interference

fringes without any measurable absorption in the below-band-edge region.

In contrast, the two Mn-implanted samples showed a strong absorption near

1.8 eV, i.e. close to the optical threshold for the transition from the Ev=+1.4

eV Mn acceptor level to the conduction band edge.  For the Co-implanted

sample the absorption edge was slightly red-shifted to 1.7 eV, indicating

the presence of a deep level about 0.1 eV deeper than the Mn acceptor.
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Figure 5.10. Optical transmission spectra at 300 K for the control sample, the 4×1016 cm–2

Mn-implanted sample and the 4×1016 cm–2 Co-implanted sample

Capacitance–voltage measurements on the unimplanted GaN gave an

electron concentration of 2×10
16

 cm
–3

 and the intercept value in the 1/C
2
(V)

plot of 0.7 V which is standard for Au Schottky diodes prepared on undo-

ped n-GaN films grown by MOCVD.  The frequency and temperature de-

pendence of capacitance was very slight.  The behavior of the implanted

samples was much more complicated.  The capacitance at low frequencies

was considerably higher than at high frequencies.  At temperatures near

400 K the capacitance versus frequency curves showed well-defined low-

frequency and high-frequency plateaus.  At low frequencies the measured

thickness of the space charge region was lower than 0.2 μm (i.e. the space

charge region boundary was moving within the implanted region).  The

roll-off frequency in the low-frequency range decreased with decreased

measurement temperature in a similar manner for all implanted samples

and application of the standard admittance spectroscopy analysis to the

shift in frequency with temperature yielded an activation energy of 0.45–

0.5 eV.  The 1/C2
(V) plots were linear for all three implanted samples, the

apparent concentration deduced from the slope increasing from (6–8)×10
16

cm
–3

 for the Mn-implanted samples to 4.2×10
17

 cm
–3

 for the Co-implanted

sample.  Thus, at these low frequencies the C–V curves are determined by
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the uncompensated portion of the deep electron trap concentration with

level near Ec=–0.5 eV.  These are most likely the traps responsible for the

strong blue band in the Micro Callodo luminescence (MCL) MCL spectra

and for the absorption band near 3 eV in Figure 5.10 (the total concentra-

tion of these deep traps could be much higher than the value deduced from

C–V measurements since the latter relate to the uncompensated portion of

the total density).  No such centers were introduced in n-GaN upon im-

plantation of protons, and it seems reasonable to associate the observed

centers with complexes of radiation defects with the transition metal ac-

ceptors.

Arrhenius plots of sheet resistance of the Mn-implanted (3×1016
 cm

–2
)

GaN clearly showed more than one defect level present, producing a non-

linear plot.  The slopes at the two extremes of the plot corresponded to acti-

vation energies of 0.85 eV and 0.11 eV respectively.

In Figure 5.11 we compare the Deep Level Transient Spectroscopy

DLTS spectra for the electron traps in the control sample and the 3×1016

cm
–2

 Mn-implanted sample.  The Mn implantation greatly increases the

density of the Ec=–0.25 eV electron traps and Ec=–0.7 eV electron traps

known to be related to point defects introduced, for example, during proton

implantation into n-GaN.  Moreover, the magnitude of the signal taken with

reverse bias of –1 V and forward bias of 1 V in the implanted sample was

much higher than that taken with reverse bias of –3 V and the forward bias

pulse of –1 V.  We attribute the difference to the fact that in the former case

the space charge boundary during the injection pulse is pushed deeper into

the damaged region where the density of deep radiation defects is higher.

In Figure 5.12 we compare the DLTS spectra of the Mn-implanted and the

Co-implanted samples taken under the same conditions.  It can be seen that

the concentration of radiation defects in the Co-implanted sample is con-

siderably higher-most likely due to the higher initial density of the radiation

defects in the region implanted with Co, Co being heavier than Mn.  Our

previous studies of the proton-implanted n-GaN samples have shown that

the Ec=–0.7 eV radiation defects are very efficient lifetime killers, which

explains the extremely low photosensitivity of the Mn- and Co-implanted

samples and the very low MCL intensity observed in these samples (the

low photosignal and MCL signal were observed even with electron beam

excitation with the beam energy of 25 kV, when the excitation region

penetrated much deeper than the projected Mn or Co ions range of 0.2 μm,

but not deeper than the thicker damaged region).
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Figure 5.11. DLTS spectra of the control sample at –1 V with +1 V forward pulse (solid

curve), of the 3×1016 cm–2 Mn-implanted sample taken with reverse bias of –1 V and for-

ward bias of +1 V (short dash curve) and sof the same sample measured with reverse bias of

–3 V and forward bias of –1 V (dashed curve)

Figure 5.12. DLTS spectra of the Mn-implanted (dashed curve) and the Co-implanted (solid

curve) samples
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In Figure 5.13 we show the optical DLTS spectra measured on the

3×10
16

 cm
–2

 Mn-implanted sample when the deuterium lamp UV source

and the tungsten lamp visible light source were used.  It can be seen that

with the strongly absorbed UV light of the deuterium lamp the spectrum

was dominated by electron traps with energy of 0.28 eV and an overlapping

feature produced by the 0.35 eV and 0.5 eV electron traps.  With the

slightly absorbed visible light of the tungsten lamp the dominant features

were the hole traps near Ev=+0.2 eV, Ev=+0.35 eV and Ev=+0.43 eV.  The

results in the figure refer to the Mn-implanted sample, but the only differ-

ence with the Co-implanted sample was the absence of the 0.35 eV electron

trap peak in the D-lamp-excited spectrum.  The difference might be due to

the different penetration depth of the D lamp light and the W lamp light.  In

the first case electrons and holes are generated mainly in the near-surface

implanted region, where a very high density of Mn or Co acceptors exist.

The holes are effectively trapped by these acceptors and are disposed of by

some very slightly activated process such as hopping via acceptor states

with subsequent tunneling at the Schottky diode.  Thus, only electron traps

are left to be observed in the capacitance transients, and among them the

0.5 eV trap is most likely the one dominating the low-frequency C–V char-

acteristics and producing the blue MCL band.

Figure 5.13. Optical DLTS spectra taken on the 3×1016 cm–2 Mn-implanted sample with the

D lamp excitation and the W lamp excitation
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We have shown that Mn implantation into GaN gives rise to a strong ab-

sorption with the threshold near 1.8 eV, which is close enough to the band

observed in MOCVD-grown GaMnN samples in which Mn was shown to

produce an acceptor level near Ev=+1.4 eV.  The optical threshold for the

Co-implanted sample was about 0.1 eV lower-implying that the Co accep-

tor level could be slightly deeper than the Mn level.  This would be in line

with general observations on the depth of the transition metals in III–V

materials as a function of the d-shell filling; it has been noted that the

higher the filling, the deeper the level, so that, in GaAs, the Mn acceptor is

at Ev=+0.1 eV and the Co acceptor is at Ev=+0.16 eV, although for the

wider bandgap GaP both dopants produce acceptor levels near Ev=+0.4 eV.

The fact that room-temperature ferromagnetism can be achieved in n-

type GaMnN is contrary to the main mean-field models, but is attractive

from a technological viewpoint since most devices require either n-type

material (i.e. FETs) or both n- and p-type material (i.e. bipolar transistors

and optical emitters).  Further optimization of the growth conditions will be

needed to reduce the unintentional donor concentration to the point where

p-type GaMnN can be produced.

Other reports have also recently appeared on the magnetic properties of

GaN doped with other transition metal impurities.[31,32,34,35,48–51]  For

initially p-type samples directly implanted with either Fe or Ni, ferromag-

netism was observed at temperatures of ~200 K and 50 K respectively.

(Ga,Fe)N films grown by MBE showed Curie temperatures of <100 K, with

EXAFS data showing that the majority of the Fe was substitutional on Ga

sites.[29]  (Ga,Cr)N layers grown in a similar fashion at 700 C on sapphire

substrates showed single-phase behavior, clear hysteresis and saturation of

magnetization at 300 K and a Curie temperature exceeding 400 K.[51]

5.8 Transport Properties

A key requirement for successful realization of spin-based devices is an

understanding of the transport properties within the DMS, since carriers

need to be injected from contacts and cross heterointerfaces in order to be

collected.  Some potential early demonstration devices include spin LEDs,

in which injection and recombination of spin-polarized carriers could lead

to polarized light emission, and spin transistors in which electron field gat-

ing can be used to control the carrier-induced ferromagnetism.  Most GaN

is still grown heteroepitaxially on lattice-mismatched substrates, such as

sapphire and, therefore, contains high concentrations (usually 5 108
cm

–2

as measured by TEM) of threading dislocations and other extended defects.
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Numerous reports have demonstrated the deleterious effect of charged dis-
locations on the transverse carrier mobility in GaN.  However, vertical de-
vices are much less degraded by the repulsive band bending around dislo-
cations and the directional dependence of the scattering due to the these
dislocations because of the greater average distance between defects in  this
geometry.  This has been confirmed by an investigation of vertical and lat-
eral transport in n-GaN films, which showed vertical electron mobilities of
~950 cm2/V⋅s compared with lateral mobilities of 150–200 cm2/V⋅s.

Hall measurements showed (Ga, Mn)N electron mobilities in the range
of 102 cm2/V⋅s at 373 K to 116 cm2/V⋅s at 298 K.  We believe these values
are close to the true mobility in the (Ga, Mn)N, since measurements made
on the GaN prior to Mn implantation showed much higher electron mobil-
ities of ~600 cm2/V⋅s at 298; K or thus, if most of the current was flowing
in the buffer layer, then we would expect to measure an effective mobility
closer to this value.  This latter value of 600 cm2/V.s is similar to that re-
ported for high quality n-type GaN.

To obtain the vertical mobilities, temperature-dependent I–V measure-
ments were performed in the Schottky diode structures.  The I–V charac-
teristics on (Ga,Mn)N diodes measured from 298 to 373 K are shown in
Figure 5.14.  The barrier heightsφb extracted from the forward part of the I–
V characteristics for both these and the diodes without Mn were obtained,
with values ranging from 0.91 eV at 298 K to 0.88 eV at 373 K for the
(Ga,Mn)N.  By contrast, the measured barrier height on Pt–GaN diodes was
1.08 eV. The saturation current density JS can be represented as

** 2 b
S expJ A T

kT

φ
= − (5.2)

where A** is the Richardson constant for (Ga, Mn)N, T is the absolute
measurement temperature and k is Boltzmann’s constant.  This can also be
written in the form

1/ 2

bi d b
S c VERT

2
exp

eV N e
J eN

kT

φμ
ε

−
= (5.3)

where NC is the effective density of states in the conduction band, μVERT is
the electron mobility in the perpendicular direction, e is the electron charge,
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Vbi is the built-in voltage, ε is the dielectric constant and Nd is the doping
density in the (Ga, Mn)N.  The vertical values are factors of about three to
eight higher at a given temperature than the lateral mobilities obtained from
the Hall data.  If the active area of the diodes is less than the geometric area
then the effective vertical mobilities will be even higher than calculated
here.

Figure 5.14. I–V characteristics as a function of temperature from n-(Ga,Mn)N Schottky di-
odes

To give a visual representation of why the lateral mobility is more de-
graded by threading scattering than is the vertical mobility, Figure 5.15
shows a cross-sectional TEM micrograph of the (Ga,Mn)N–GaN structure.
Threading dislocations originating from the GaN–Al2O3 interface can reach
the surface and, therefore, electrons traveling laterally through the structure
encounter scattering from all of these defects.  By contrast, for vertical
transport, there is a relatively large fraction of undefective material through
which electrons can pass with undegraded mobility.  The defects remaining
in the (Ga,Mn)N are mostly loops, which have only a second-order effect
on the electrical properties, as reported previously for implanted GaAs.
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Figure 5.15. TEM cross-section of (Ga,Mn)N layer formed in GaN by high–dose Mn im-
plantation

To place the experimental data in context, Figure 5.16 shows these re-
sults along with the calculated electron drift mobility of undoped GaN in
both lateral and vertical directions and the individual components from the
scattering processes present (acoustic, polar phonon, and piezoelectric).
While no quantitative conclusions may be drawn, it is clear that the vertical
and lateral mobilities are of comparable magnitude to those in material with
minimal scattering.  In the existing (Ga,Mn)N the vertical electron mobility
is relatively unaffected by charged dislocation scattering and gives an indi-
cation of the values that it will be possible to achieve for lateral electron
mobilities in material synthesized on low-defect GaN, such as free-standing
quasi-substrates.
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Figure 5.16. Theoretical drift mobilities in pure GaN, along with contribution from the vari-
ous scattering processes present and the experimentally determined vertical and lateral mo-
bilities for n-(Ga,Mn)N

In summary, the effect of dislocation scattering on electron mobility in
(Ga,Mn)N has been examined through a comparison of vertical and lateral
transport properties.  The vertical electron mobilities are found to be a fac-
tor of three to eight higher than the corresponding lateral mobilities at the
same temperature.  (Ga,Mn)N-based spintronics devices with vertical
geometries will be at an advantage relative to lateral devices.

5.9 Contacts to (Ga,Mn)N

One of the possible applications of DMSs is in so-called spin FETs (Spin-
FETs) in which electric field gating is used to control the carrier-induced
ferromagnetism.  This has already been demonstrated in metal–insulator–
semiconductor (MIS) structures based in (In,Mn)As at 10 K.  Therefore, it
is necessary to understand the properties of rectifying contacts on
(Ga,Mn)N as a first step towards realizing practical spintronics switches.
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From the I–V–T characteristics of Pt Schottky diodes on n-type
(Ga,Mn)N, we extracted a value for Richardson’s constant for this material
of A** = 91.2 A⋅cm–2K–2, but there is a large uncertainty (~±60%) in this
due to the narrow range of measurement temperatures from which we had
to extrapolate to obtain the estimated Richardson’s constant.  For compari-
son, a similar analysis for Pt–n-GaN Schottky diodes reported values of
64.7–73.2 for A**.

From the measured I–V characteristics at each temperature we were able
to extract the φB values for Pt on (Ga,Mn)N.  The barrier height at 25°C
was 0.82±0.04 eV, compared with a value of 1.08 eV for Pt on n-GaN de-
termined from I-V characteristics.  It should also be noted that in the early
stage of developing a new materials system it is common to have a wide
range of values reported for barrier heights due to the presence of surface
defects, interfacial layers and material inhomogeneities.  The barrier height
was also extracted from the activation energy plots in the measured I–V–T
data and the saturation current at each temperature.  The plot of ln(IS/AT2)
versus inverse temperature yielded a barrier height of 0.91±0.06 eV, which
is consistent with the value at 25°C derived from the forward I–V charac-
teristics.

The reverse leakage of the diodes was found to depend on both bias and
temperature.  From a moderately doped sample of the type studied here, we
would expect thermionic emission to be the dominant leakage current
mechanism.  According to image-force barrier height lowering, this leakage
current density JL can be written as

b
L S expJ J

kT

φΔ
= −

(5.4)

where ΔφB is the image-force barrier height lowering, given by
(eEM/4 S

1/2), where EM is the electric field strength at the metal–semicon-
ductor interface and εS is the permittivity.  The experimental dependence of
JL on bias and temperature is stronger than predicted from this equation.
The large bandgap of (Ga,Mn)N makes the intrinsic carrier concentration in
a depletion region very small, suggesting that contributions to the reverse
leakage from generation in the depletion region are small.  Therefore, the
additional leakage must originate in contributions from other mechanisms,
such as thermionic field emission or surface leakage.
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5.10 Aluminum Nitride-Based Ferromagnetic
Semiconductors

AlN plays an important role in many areas of solid-state devices [52–67],
including thin film phosphors, nitride-based MIS heterostructure transis-
tors, thin-film gas sensors, acoustic wave resonators, UV LED, distributed
Bragg reflectors, heat spreaders and heterojunction diodes.  AlN may also
be promising in the emerging field of spintronics, due to its predicted high
Curie temperature TC when doped with particular transition metals.  Room-
temperature ferromagnetism has been reported for Cr-doped AlN thin films
deposited by reactive sputtering [52] or MBE [53].  Ion implantation pro-
vides a versatile and convenient method for introducing transition metals
into semiconductors for examination of their effects on the structural and
magnetic properties of the resulting material.[68]  AlN is an ideal host in
this regard, since Kucheyev et al. [69] reported that single-crystal epilayers
of AlN grown on sapphire substrates did not become amorphous even at
liquid-N2 temperatures for high doses of kelo-electron-volt heavy ions such
as Au.  In addition, very high quality AlN on sapphire has recently been re-
ported by several groups [70,71], providing well-characterized material in
which to examine the properties of transition metals.  The fabrication of
ferromagnetic AlN would create a wider range of possible all semiconduc-
tor spin-dependent devices.  For example, ferromagnetic AlMnN could be
used as a magnetic barrier in a tunnel junction, where it would serve as a
spin filter.  The predicted Curie temperature of AlMnN is greater than 300
K and recently a Curie temperature of more than 340 K has been observed
for AlN:Cr.[52,53]

Growth of the films was carried out by gas-source MBE.  Solid Al(7N)
and Mn(7N) sources were heated in standard effusion cells.  Gaseous nitro-
gen was supplied by an Oxford rf plasma head.  All films were grown on
(0001)-oriented sapphire substrates, indium mounted to Mo blocks.
AlMnN and AlN films were grown at a temperature of 780°C, as indicated
by the substrate heater thermocouple.  Sapphire substrates were first ni-
trided for 30 min at a substrate temperature of 1000°C under 1.1 sccm ni-
trogen (chamber pressure 1.9×10–5 Torr).  Nucleation at 575°C for 10 min
and a 30 min buffer layer at 950°C followed nitriding, both under 1.1 sccm
nitrogen.  Both AlN and AlMnN films were grown with a substrate tem-
perature of 780°C and an Al effusion cell temperature of 1150°C.  The Mn
cell temperature was varied from 635 to 658°C.  The growth rate of the
AlN was 0.2 μm/h and the growth rate of the AlMnN films was 0.16 μm/h.

In situ reflection high-energy electron diffraction (RHEED) was used to
monitor films during growth.  AlN demonstrated 2D growth and AlMnN
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films demonstrated 2D/3D growth.  AlMnN grown with a Mn cell tem-
perature of 635°C was found to be single phase.  The AlMnN with
TMn=658°C formed AlMn as detected by powder x-ray diffraction.  A Mn
cell temperature of 650°C was found to be the upper limit of single-phase
AlMnN under previously mentioned growth conditions.  For comparison, a
layer of Mn4N was also grown on sapphire.

The lattice constant was found to decrease as the Mn cell temperature in-
creased for single-phase material.  A similar pattern was observed for sin-
gle-phase GaMnN films grown in the same system under different condi-
tions. GaN implanted with Mn has been reported to exhibit substitutional or
near-substitutional incorporation.  It is expected that the incorporation of
interstitial Mn should either increase or have no effect on the lattice con-
stant.  The observation of a decrease in the lattice constant of the AlMnN
films suggests that the Mn occupies a substitutional site.  This is further
confirmed by Hall analysis, which showed pure AlN to be highly resistive
as expected and material containing an AlMn second phase to be highly
conductive n-type.  By contrast, single-phase AlMnN was found to be p-
type.  If Mn incorporates substitutionally, then one would expect by anal-
ogy with its behavior in other III–V materials that it would behave as a
deep acceptor.  The observation of p-type behavior fits this explanation.

Magnetic remnance and coercivity indicating hysteresis was observed in
ternary AlMnN films at 10, 100, and 300 K.  Measurements over 300 K
were not possible due to limitations in the magnetometer.  Saturation mag-
netization was found to decrease at 300 K compared with 100 K for
AlMnN grown at TMn=650°C.  The values of temperature-dependent satu-
ration magnetization of AlMnN are shown in Figure 5.17.  This data indi-
cates an approaching TC for this material.  However, hysteresis persisted to
300 K, demonstrating soft ferromagnetism at room temperature.  Figure
5.18 depicts the field dependence of magnetization for AlMnN and AlN
films.  Pure AlN grown under the same conditions as AlMnN demonstrated
paramagnetic behavior. This indicates that ferromagnetism arises with the
addition of Mn.  The diamagnetic background due to the sapphire substrate
was subtracted from the raw data and the subsequent corrected data was
used for analysis.  The magnetization was not normalized to the Mn con-
centration due to the difficulty in calculation of the precise amount of Mn
in the films.  Perpendicular measurements were found to have lower values
for saturation magnetization in AlMnN films.

The hysteresis observed in the AlMnN is believed to arise from the in-
clusion of Mn into the AlN lattice.  Clusters of second phases, undetectable
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Figure 5.17. Saturation magnetization versus. temperature for single-phase AlMnN grown
at 650°C.  Saturation magnetization was extracted from SQUID hysteresis loops

Figure 5.18. Magnetization versus applied field for single-phase AlMnN

by the methods mentioned above, are not thought to be the cause of ferro-
magnetism observed at 300 K.  This is supported by magnetic analysis of
material containing the most likely cluster phases, AlMn and Mn4N.  Mag-
netization as a function of temperature for AlN, single-phase AlMnN,
AlMnN with an AlMn phase present, and Mn4N show substantially differ-
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ent behavior, as shown in Figure 5.19.  The reason for the low T paramag-
netic behavior seen in AlN and AlMnN films is still unknown.  The M vs. T
of Mn4N clearly indicates ferromagnetic behavior, and the formation of
clusters has been proposed as the cause of hysteresis in some ferromagnetic
III–V materials.  However, the formation of Mn4N clusters does not influ-
ence the magnetization above 250 K, since clearly the magnetization drops
to zero at that temperature.  Also, the magnetization vs. temperature indi-
cates that the formation of AlMn clusters is not the cause of the ferromag-
netism observed, evidenced by the order of magnitude difference between
the values of magnetization over 150 K.  Hence, the incorporation of Mn
into the AlN lattice forming the ferromagnetic ternary AlMnN is too most
likely the reason for the observed hysteresis.

Figure 5.19. Magnetization versus temperature for AlN, AlMnN, Mn4N and AlMnN–AlMn.
The magnetic signal is determined by subtracting the zero-field-cooled trace from the field-
cooled curve
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5.11 Implanted Aluminum Nitride Films

Ferromagnetism has also been observed in transition-metal-implanted
films. Implantation of Cr+, Co+ or Mn+ ions was carried out at an energy of
250 keV (corresponding to a projected range of ~1500 Å in each case) and
a fixed dose of 3×1016 cm–2.   As a rough guide, the peak transition metal
concentrations, located at the projected range, are ~3 at.% in the AlN.  Af-
ter implantation, the samples were annealed at 950°C, 2 min under flowing
N2.  PL measurements were carried out with a quadrupled Ti:sapphire laser
as an excitation source together with a streak camera, providing an excita-
tion power of ~3 mW at 196 nm.[72]

PL spectra taken at 10 K of the AlN implanted with Cr, Mn or Co after
annealing at 950°C for 2 min looked basically identical in each case, even
without annealing.  The unimplanted AlN showed strong band-edge emis-
sion at ~6.05 eV and two broad emission bands related to deep level impu-
rities at ~3.0 eV and 4.40 eV, each of which had peak intensity of ~1% of
the band-edge emission intensity.  The Cr-, Mn- and Co-implanted AlN
showed an absence of band-edge emission, which suggests that the point
defect recombination centers created during implantation are stable against
annealing at 950°C.

Well-defined hysteresis was present in the Co-implanted AlN, with a co-
ercive field of ~160 Oe at 300 K and 230 Oe at 10 K.  The diamagnetic
contributions from the substrate have been subtracted out of the data.  At
300 K, the saturation moment, M0 = gμBS, where g is the degeneracy factor,
μB the Bohr magnetron and S the total number of spins, was calculated to
be ~0.65 μB for Cr.  This value is lower than the theoretical value of 3 μB

expected for a half-filled d band of Cr, if all of the Cr ions were participat-
ing in the ferromagnetic signal.  Disorder effects due to implantation-
induced change may contribute to creating a distribution of exchange cou-
plings that favor antiferromagnetism and reduce the effective magnetism.

Similar data is shown in Figure 5.20 for the Co-implanted AlN.  Once
again there is hysteresis present at 300 K, with a coercive field of ~1750 Oe
at 300 K and 240 Oe at 100 K and a calculated saturation moment of 0.52
μB for Co.  The FC and ZFC magnetization versus temperature are shown
at the bottom of the figure.  In this case the differences extend to ~100 K.
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Figure 5.20. 300 K magnetization as a function of field (top) and FC and ZFC magnetiza-
tion as a function of temperature (bottom) for AlN implanted with 3×1016 cm–2 Co+ and an-
nealed at 950°C, 2 min

Figure 5.21 (top) shows magnetization versus field at 100 K for Mn-
implanted AlN.  This was the highest temperature for which clear hystere-
sis could be obtained.  The coercive field was ~220 Oe at both 100 K and
10 K.  The FC and ZFC phases are almost coincident at an applied field of
500 Oe, as shown at the bottom of the figure, and consistent with lower
overall magnitude of the magnetization.  The calculated saturation moment
was 0.17 μB for Mn at 100 K, compared with the theoretical value of 4 μB.

The main θ–2θ XRD peaks of the Cr- or Mn-implanted samples after
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Figure 5.21. 100 K magnetization as a function of field (top) and FC and ZFC magnetiza-
tion as a function of temperature (bottom) for AlN implanted with 3×1016 cm–2 Mn+ and an-
nealed at 950°C, 2 min

950°C annealing correspond to the expected AlN (0002) and (0004) lines
and Al2O3 (0002), (0006) and (0012) substrate peaks and the broad peak at
2θ = 20° is due to short-range disorder from the implantation process and
was not observed on the as-grown films.  No peaks due to the half-metallic
ferromagnetic CrO2 phase were detected in the Cr-implanted sample, and
other potential second phases  which could form, such as Cr, CrN [73–75],
Cr2N and AlxCry were not detected and in any case are not ferromagnetic at
the temperatures used in these experiments.  Similarly, in the case of Co
implantation, metallic Co has a Curie temperature of 1382 K and CoxN
phases are all Pauli ferromagnetic.  Finally, for Mn implantation, metallic
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Mn is antiferromagnetic, whereas MnxN is ferromagnetic with a Curie tem-
perature of 745 K.  Thus, secondary ferromagnetic phases are not responsi-
ble for the observed magnetic properties.

The origin of the observed ferromagnetism is not likely to be carrier me-
diated, due to the insulating nature of the AlN.  Wu et al. [53] suggested
that substitutional AlxCr1–xN random alloys would have Curie temperatures
over 600 K, as estimated from a multi-component mean-field theory in
which the ferromagnetism occurs in a midgap defect band.  Another possi-
ble mechanism for the observed magnetic properties is that the Mn is not
randomly distributed on Al sites but is present as atomic-scale clusters.
Some mean-field theories suggest that Mn clustering can significantly in-
fluence TC as a result of the localization of spin-polarized holes near regions
of higher Mn concentration.  There is also some support for this assertion
from local spin density approximation calculations, which predict it is en-
ergetically favorable for the formation of feromagnetic ion dimers and
trimers at second nearest-neighbor sites.  The percolation network-like
model for ferromagnetism in low carrier concentration systems suggested
by several groups is another potential mechanism.

High doses (3×1016 cm–2) of ion-implanted Co+, Cr+ or Mn+ ions into
AlN epi layers on Al2O3 substrates severely degrades the band-edge lumi-
nescence, which is not recovered by annealing up to 950°C.  In each case
the implanted AlN shows ferromagnetic ordering, as evidenced by the pres-
ence of hysteresis in M vs H loops.  The hysteresis persists up to ≥300 K in
the case of Cr+ or Co+ implantation and 100 K for Mn+ implantation.  Less
than ~20% of the implanted ions contribute to the magnetization, but this
might be increased by use of much higher annealing temperatures.  Simple
two-terminal resistivity measurements show that the implanted AlN re-
mains insulating (>108 Ω cm), and thus conventional carrier-mediated fer-
romagnetism is not a likely mechanism for the observed magnetic proper-
ties.  Implantation provides a versatile method of introducing different
transition-metal dopants into AlN for examination of their effect on the
structural and magnetic properties.

5.12 Implanted AlGaN Films

There is also interest in the use of transition-metal-doped AlGaN for possi-
ble applications in spintronic devices such as polarized light emitters or
spin transistors.  The latter exploits quantum interference effects provided
electrons with a particular spin can be injected into the channel of the de-
vice and a gate bias can be applied to cause splitting of spin-up and spin-
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down states.  A key requirement for spin-based semiconductor devices is
the achievement of ferromagnetism, preferably above room temperature.
The properties of implanted transition metals in AlGaN is of particular
relevance for realization of polarized light emitters or spin transistors, since
it could serve as the cladding layer in the former and the wide bandgap part
of the heterostructure in the latter.

θ–2θ x-ray diffraction scans from the n-AlGaN before and after Mn+,
Co+ or Cr+ implantation and annealing at 1000°C did not show any observ-
able differences.  The highest intensity peaks in all spectra correspond to
the expected AlGaN (0002) and (0004) lines and Al2O3 (0002), (0006) and
(0 0 0 12) substrate peaks.  We did not observe any peaks due to second
phases that could exhibit ferromagnetism.  For example, in the Mn-
implanted material, MnxN is ferromagnetic with a Curie temperature of 745
K and GaMn is also ferromagnetic with a Curie temperature near 300 K
(metallic Mn is antiferromagnetic).  In the Co+-implanted AlGaN, metallic
Co has a Curie temperature of 1382 K and CoxN phases are all Pauli ferro-
magnetic.  Finally, in the Cr+-implanted AlGaN, CrO is a half-metallic,
while Cr, CrN, Cr2N, AlxCry and GaxCry are not ferromagnetic.[36]  How-
ever, in such thin layers, it could be possible for small quantities of second
phases to be present and remain undetectable by x-ray diffraction.

Well-defined hysteresis at 300 K was observed for the Co-implanted
Al0.38Ga0.62N, as shown at the top of Figure 5.22.  The coercive field was
~85 Oe at 300 K and ~75 Oe at 10 K.  The saturation magnetization was
~0.4 emu/cm3 or ~0.76 μB calculated saturation moment.  This is slightly
higher than the value reported for Co+ implantation into pure AlN under
similar conditions (0.52 μB), which is consistent with the higher vacancy
concentrations expected to be created in AlGaN due to its lower bond
strength.  The bottom part of Figure 5.22 shows the temperature depend-
ence of FC and ZFC magnetization for the Co+-implanted AlGaN.  The fact
that these have different values out to ~230 K is a further indication of the
presence of ferromagnetism in the material.  In both epitaxial and ion-
implanted transition-metal-doped semiconductors, we have found the gen-
eral result that the hysteresis can be detected to higher temperatures than
the difference in FC and ZFC magnetization. As mentioned earlier, the
samples exhibited low carrier densities (<3×1016 cm–3 from Hall measure-
ments) after implantation and annealing and, therefore, carrier-mediated
ferromagnetism by free electrons is not expected to be operative.  In addi-
tion, the Co ionization level is expected to be deep in the AlGaN bandgap,
so that there will be no significant contribution to the carrier density from
the substitutional fraction of these atoms.  More recent percolation network
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models for ferromagnetism in DMS suggest that localized carriers may me-
diate the interaction between magnetic ions in low carrier density systems.

Figure 5.22. 300 K magnetization as a function of field (top) and FC and ZFC magnetiza-
tion versus temperature for AlGaN implanted with 3×1016 Co+ annealed at 1000°C for 2 min

The Mn-implanted p-type AlGaN also showed a well-defined hysteresis
loop at 300 K, with a coercivity of ~60 Oe (Figure 5.23, top).  The satura-
tion moment, M0 = gμBS, where g is the degeneracy factor, μB the Bohr
magneton and S the total number of spins, was calculated to be ~0.57 μB.
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The theoretical value would be 4 μB if all of the implanted Mn was partici-
pating towards the ferromagnetism, so the lower experimental value indi-
cates that only a fraction of the Mn is substitutional and magnetically ac-
tive.  The saturation moment for AlGaN is significantly larger than the
value of 0.17 μB reported for Mn implantation into pure AlN.  The tem-
perature dependence of FC and ZFC magnetization is shown at the bottom
of Figure 5.23.  The ferromagnetism is very weak above ~125 K, but t is
detectable through the hysteresis.

Figure 5.23. 300 K magnetization as a function of field (top) and FC and ZFC magnetiza-
tion versus temperature for AlGaN implanted with 3×1016 Mn+ annealed at 1000°C for 2
min

By sharp contrast to the case of Mn implanted into p-AlGaN, when we
performed the same implants into n-AlGaN the resulting differences in FC
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and ZFC magnetization were very weak and hysteresis loops even at 10 K
did not show clear evidence of ferromagnetism.  The differences from the
p-type material may result from the higher AlN mole fraction in the n-type
AlGaN, which makes it harder for the implanted ions to become substitu-
tional upon annealing.  An alternative explanation is that holes are more ef-
ficient at ferromagnetic coupling between the Mn spins than are electrons.
This has been reported previously for both n- and p-type GaAs and GaP
doped with Mn.  We also did not observe any clear evidence for ferromag-
netism in the Cr-implanted n-AlGaN.  This is a clear difference from the
case of Cr-implanted AlN, where hysteresis was reported at 300 K.

In conventional DMSs, such as (Ga,Mn)As, the magnetization is given
by [11]

[ ]( )
( )

B C

g B 0 eff S
B AF

/g F M M H
M SN x B

k T T

μ
μ μ

−∂ ∂ +
=

+

(5.5)

in the mean-field approach, where S is the localized spin, N0 is the concen-
tration of cation sites, Xeff is the effective spin concentration, BS is the Bril-
louin function and FC(M) is the hole contribution to the free-energy func-
tional F (which depends on the magnetization of the localized spin).  The
validity of this model depends on having a high carrier concentration in the
magnetic semiconductor; experimentally, we do not observe this in the
AlGaN and, correspondingly, we do not observe a Brillouin-like depend-
ence of magnetization on temperature.  In pure AlN, Mn produces an ab-
sorption line at ~1.5 eV from the valence band, suggesting the Mn3+/2+ ac-
ceptor level is deep in the gap and makes the realization of carrier-mediated
ferromagnetism unlikely.  The mean-field models have also shown that Mn
clustering can enhance the Curie temperature through localization of local-
ized carriers at these clustered regions.  Some calculations suggest it is en-
ergetically favorable to form ferromagnetic transition-metal ion dimers and
trimers at second nearest-neighbor sites.  Distant pairs would be weakly
ferromagnetic or antiferromagnetic.  These predictions suggest that the fer-
romagnetism will be a very strong function of the synthesis conditions used
for the magnetic semiconductor.  They also suggest that non-equilibrium
methods such as ion implantation possess inherent advantages in trying to
maximize the Curie temperature, because of their ability to achieve solid
solubilities for dopants well above those possible with equilibrium synthe-
sis methods.

Table 5.1 shows a compilation of semiconductors showing room-tem-
perature ferromagnetism.
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Table 5.1. Compilation of semiconductors showing room-temperature ferromag-
netism PLD is pulsed laser deposition

Material

Bangap
of host

(eV) Comments
Ordering

temperature (K) Ref.
Cd1–xMnxGeP2 1.72 Solid-phase reaction

of evap. Mn
>300 7

(Ga,Mn)N 3.4 Mn incorporated by
diff n

228–370 22

(Ga,Mn)N 3.4 Mn incorporated during
MBE; n-type

>300 29

(Ga,Mn)N 3.4 Mn incorporated during
MBE

940* 25

(Ga,Cr)N 3.4 Cr incorporated during
MBE or bulk growth

>400 34

(ZnO):Co 3.1–3.6 Co incorporated during
PLD; ~15% Co

>300 9

(ZnO):Co 3.3 Sintered powders >425 76
(Al,Cr)N 6.2 Cr incorporated during

MBE, sputtering or
implantation

>300 52,53,77

(Ga,Mn)P:C 2.2 Mn incorporated by
implant or MBE; p
~1020 cm–3

>330 68

(Zn1–xMnx)GeP2 1.83–2.8 Sealed ampoule
growth; insulating;
5.6% Mn

312 6

(ZnMn)GeP2 <2.8 Mn incorporated by
diffusion

350 7

ZnSnAs2 0.65 Bulk growth 329 8
ZnSiGeN2 3.52 Mn-implanted epi ~300 78

SiC 3.2 Mn or Fe implantation ~300 (by
hysteresis)

31,32

*Extrapolated from measurements up to ~750 K.

5.13 Potential Device Applications

Previous articles have discussed some spintronic device concepts, such as
spin junction diodes and solar cells, optical isolators and electrically con-
trolled ferromagnets.[78–82]  The realization of LED with a degree of po-
larized output has been used to measure spin injection efficiency in heter-
ostructures.  While the expected advantages of spin-based devices include
non-volatility, higher integration densities, lower power operation and
higher switching speeds, there are many factors still to consider in whether
any of these can be realized.  These factors include whether the signal sizes
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due to spin effects are large enough at room temperature to justify the extra
development work needed to make spintronic devices and whether the ex-
pected added functionality possible will materialize.

Among such devices, the simplest seems to be the concept of an LED
with one of the contact layers made ferromagnetic by incorporation of tran-
sition-metal impurities, a so called spin-LED.[80–82]  Such a device should
allow one to modulate the polarization of the light emitted by the spin-LED
by application of an external magnetic field.  The most straightforward ap-
proach to achieve this goal would be to implant Mn into the top contact p-
GaN layer of the standard GaN–InGaN LED.  The electrical and lumines-
cence properties of such devices show that they do produce electrolumines-
cence, but due to the difficulty in annealing out all radiation defects the se-
ries resistance and the turn-on voltage of such spin-LEDs are very much
higher than for ordinary LEDs and the electroluminescence intensity (EL)
is lower.  GaMnN layers produced by MBE have a lower density of defects
and may be better suited for spin-LEDs.  One of the problems with the lat-
ter approach is that the MBE-grown GaMnN films with high Curie tem-
perature have n-type conductivity.  Therefore, to incorporate such layers
into the GaN-based LEDs one has to reverse the usual order of layers and
grow an LED structure with the contact n-layer up.  It was shown that
problems such as higher series resistance due to lower lateral conductivity
of p-GaN compared with n-GaN are inherent to these inverted diodes. Also,
it was shown that it is more difficult to attain a high quality of the GaN–
InGaN multi-quantum-well active region when growing it on top of a very
heavily Mg-doped p-GaN layer. Incorporation of Mn into the top contact
layer also produced a relatively high resistivity of the GaMnN and poorer
quality of the ohmic contact.  In addition, the ferromagnetism in GaMnN is
found to be unstable against the type of high temperature (900°C) anneals
used to minimize contact resistance.

The reference n-LED structure studied  consisted of 2 μm thickness un-
doped semi-insulating GaN, 2 μm thickness p-GaN(Mg), five undoped
quantum wells of InGaN (~40% In, 3 nm), separated by Si-doped n-GaN
barriers (10 nm each) and about 170 nm thickness top n-GaN contact layer.
All the layers but the top n-GaN layer were grown by MOCVD in a regime
similar to the one used to fabricate standard p-LED structures.  The n-type
layer was grown by MBE at 700°C.

The spin-LED structure differed from the n-LED structure by the struc-
ture of the top n-layer, which consisted of 20 nm of n-GaN(Si) and 150 nm
of GaMnN with the Mn concentration close to 3%.  The GaMnN layer was
grown at 700°C.  All structures were subjected to rapid thermal anneal in
nitrogen to activate the Mg acceptors.  However, the spin-LED structure
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was given only a 750°C anneal, since the degree of magnetic ordering in
the GaMnN MBE-grown layer was greatly reduced upon annealing at tem-
peratures exceeding 800°C.  A schematic of the LED structure is shown in
Figure 5.24.

Figure 5.24. Schematic of LED structure. UID is unintentionally doped layer

Measurable room temperature electroluminescence peaked at ~450 nm
and was detected at 4 V bias in the reference diode and at ~15 V in the
spin-LED structure processed at 750°C (Figure 5.25).  However, in spite of
the ferromagnetic behavior of the (Ga,Mn)N layer, no polarization of light
emission at room temperature was observed in applied magnetic fields
ranging from 0 to 5 T during either EL or PL measurements, as shown in
Figure 5.26, where the spin-LED structure with 100 nm thickness
(Ga,Mn)N layer is taken as an example.  This can be attributed either to se-
vere spin losses in the structure during spin injection or to a poor perform-
ance of the (Ga,Mn)N layer as a spin aligner at room temperature.

Possible origins of the vanishing spin injection efficiency of the spin
LED at room temperature can be clarified by analyzing its properties at low
temperatures, which should improve magnetic performance of the DMS
layer.  Such analysis was performed by utilizing PL measurements, since
the freeze-out of free carries at low temperatures prevented us from obser-
vation of efficient EL in the structures investigated.  The spin injection effi-
ciency was evaluated using an excitation photon energy of about 5 eV, i.e.
well above the bandgap of the top (Ga,Mn)N layer.  Under these conditions
the preferential light absorption within the top (Ga,Mn)N layer should en-
sure that the dominant portion of the carriers and excitons participating in
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the radiative recombination in the InGaN quantum well is supplied by the
magnetic barrier.  The results of the measurements performed are summa-
rized in Figure 5.27 (top).  The optical (spin) polarization of the quantum
well PL was only detected in an applied magnetic field and was generally
very weak (<2%). The observed PL polarization reflects combined effects
of the spin injection from the magnetic (Ga,Mn)M layer and intrinsic po-
larization of the InGaN quantum well.  The latter has separately been stud-
ied by tuning the excitation energy below the bandgap of GaN (also pre-
sumably GaMnN), i.e. by resonant optical excitation of the InGaN quantum
well with a photon energy of 2.9 eV, Figure 5.27 (bottom).  It gives up to
5–10% at 2 K with an applied magnetic field of up to 5 T, likely due to
population distribution between spin sublevels at a low temperature.  This
value is consistent with that obtained in the reference samples.

Figure 5.25. Typical EL spectra measured at room temperature from the Mn-doped LED
annealed at 750oC and reference diode
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Figure 5.26. Comparison of the (a) EL and (b) PL spectra measured at room temperature
from the same spin-LED structure, as well as their polarization properties at 5 T (the upper
part of each figure)
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Figure 5.27. PL spectra at 1.9 K from the (Ga,Mn)N–InGaN diode, using  optical injection
from the (Ga,Mn)N layer and (a) direct optical excitation of the multi-quantum well.  The
upper part of each figure shows PL polarization at 0 T (solid lines) and 3 T (dashed lines)
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As is obvious from Figure 5.28, polarization properties of the InGaN
quantum well with and without carrier supply from the magnetic layer seem
to be very similar, except for a consistent reduction of optical polarization
of the InGaN quantum well upon optical excitation of GaMnN, detected for
all structures investigated.  One could speculate that this might be caused
by injection of the electrons with the spin orientation opposite to that of the
lowest spin state in the InGaN quantum well.  As the degree of polarization
is very low, a definite conclusion on this issue cannot be obtained and re-
quires further investigations.

In order to shed light on the possible origin for the weak spin polariza-
tion of the InGaN quantum well, optical orientation experiments were per-
formed where a chosen spin orientation of excitons/carriers in the InGaN
quantum well was generated by the relevant circularly polarized excitation
light resonantly pumping the InGaN quantum well.  No spin polarization
was observed at 0 T (Figure 5.28), showing that the spin orientation gener-
ated was completely lost during the energy relaxation process to the ground
state of the excitons giving rise to the PL.  This is in sharp contrast to the
cases in II–VImaterials and GaAs, where spin polarization can usually be
observed in such optical orientation experiments.  With an applied mag-
netic field, the spin polarization of the InGaN quantum well is independent
of the polarization of the excitation light, which again proves that the spin
relaxation in the InGaN quantum well is extremely efficient.  The exact
physical mechanism responsible for this fast spin relaxation is currently
unknown and requires in-depth experimental and theoretical studies.

These findings imply the fast spin relaxation within the InGaN quantum
well is enough to destroy any injected spin polarization, leading to the ob-
served low spin injection efficiency in the (Ga,Mn)N–GaInN spin LEDs
studied. This, therefore, calls for further in-depth studies of spin relaxation
processes in GaN-based materials and quantum structures aiming at optimi-
zation of spin detectors as a necessary step in understanding spin injection
processes and also in improving performance of possible spintronic devices
based on Group III nitrides.
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Figure 5.28. PL intensity and polarization at 1.9 K from the (Ga,Mn)N–InGaN diode ob-
tained under optical excitation with the circularly polarized light specified in the figure, ob-
tained at (a) 0 T and (b) 3 T
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5.14 Issues to Be Resolved

The mean-field models consider the ferromagnetism to be mediated by de-
localized or weakly localized holes in the p-type materials.  The magnetic
Mn ion provides a localized spin and acts as an acceptor in most III–V
semiconductors, so that it can also provide holes.  In these models, the TC is
proportional to the density of Mn ions and the hole density.  Many aspects
of the experimental data can be explained by the basic mean-field model.
However, ferromagnetism has been observed in samples that have very low
hole concentrations, in insulating material and more recently in n-type ma-
terial.

More work is also needed to establish the energy levels of the Mn,
whether there are more effective magnetic dopant atoms and how the mag-
netic properties are influenced by carrier density and type.[83]  Even basic
measurements, such as how the magnetism changes with carrier density or
type and how the bandgap changes with Mn concentration in GaN, have not
been performed.  There is a strong need for a practical device demonstra-
tion showing spin functionality in a nitride-based structure, such as a spin-
LED or a tunneling magneto-resistance device.  The control of spin injec-
tion and manipulation of spin transport by external means, such as voltage
from a gate contact or magnetic fields from adjacent current lines or ferro-
magnetic contacts, is at the heart of whether spintronics can be exploited in
device structures, and these areas are still in their infancy.

References

1. Von Molnar S, Read D (2003) Proc IEEE 91: 715; Dietl T (2002)
Semicond Sci Technol 17: 377; Ohno H (2000) J Vac Sci Technol B
18: 2039

2. Wolf  SA, Awschalom DD, Buhrman RA, Daughton JM, von Molnar
S, Roukes ML,  Chtchelkanova AY, Treger DM (2001) Science 294:
1488

3. Ohno H, Matsukura  F, Ohno Y (2002) JSAP Int  5: 4
4. Awschalom DD, Kikkawa JM (2000) Science 287: 473
5. Cho S, Choi S, Cha GB, Hong SC, Kim Y, Zhao Y-J, Freeman AJ,

Ketterson JB, Kim BJ, Kim YC, Choi BC (2002) Phys Rev Lett 88:
257203-1

6. Medvedkin GA, Ishibashi T, Nishi T, Hiyata K (2000) Jp, J Appl
Phys 39: L949

Page 317 of 383



308      Nitride-Based Spintronics

7. Medvedkin GA, Hirose K, Ishibashi T, Nishi T, Voevodin VG, Sato
K (2002) J Cryst Growth 236: 609

8. Choi S, Cha GB, Hong SC, Cho S, Kim Y, Ketterson JB, Jeong S-Y,
Yi GC (2002) Solid-State Commun 122: 165

9. Ueda K, Tahata H, Kawai T (2001) Appl Phys Lett 79: 988
10. Chambers SA (2002) Mater Today (April.) 34-39
11. Dietl T, Ohno H, Matsukura F, Cibert J, Ferrand D (2000) Science

287: 1019
12. Van Schilfgaarde M, Myrasov ON (2001) Phys Rev B 63: 233205
13. Dietl T, Ohno H, Matsukura F (2001) Phys Rev B 63: 195205
14. Dietl T (2001) J Appl Phys 89: 7437
15. Jungwirth T, Atkinson WA, Lee B, MacDonald AH (1999) Phys Rev

B 59: 9818
16. Berciu M, Bhatt RN (2001) Phys Rev Lett 87: 108203
17. Bhatt RN, Berciu M, Kennett MD, Wan X  (2002) J Supercond In-

corp Novel Magn 15: 71
18. Litvinov VI, Dugaev VA  (2001) Phys Rev Lett 86: 5593
19. Konig J, Lin HH, MacDonald AH (2001) Phys Rev Lett 84: 5628
20. Schliemann J, Konig J, MacDonald AH (2001) Phys Rev B 64:

165201
21. Reed ML, Ritums MK, Stadelmaier HH, Reed MJ, Parker CA, Bedair

SM, El-Masry NA (2001) Mater Lett 51: 500
22. Reed ML, Ritums MK, Stadelmaier HH, Reed MJ, Parker CA, Bedair

SM, El-Masry NA (2001) Appl Phys Lett 79: 3473
23. Theodoropoulou N, Hebard AF, Overberg ME, Abernathy CR, Pear-

ton SJ, Chu S.G, Wilson RG (2001) Appl Phys Lett 78: 3475
24. Overberg ME, Abernathy CR, Pearton SJ, Theodoropoulou NA,

McCarthy KT, Hebard AF (2001) Appl Phys Lett 79: 1312
25. Sonoda S, Shimizu S, Sasaki T, Yamamoto Y, Hori H (2002) J Cryst

Growth 237–239: 1358
26. Kim KH, Lee KJ, Kim DJ, Kim HJ, Ihm YE, Djayaprawira D, Taka-

hashi M, Kim CS, Kim CG, You SH (2003) Appl Phys Lett 82: 1775
27. Soo YL, Kioseoglou G, Kim S, Huang S, Koo YH, Kuwarbara S,

Owa S, Kondo T, Munekata H (2001) Appl Phys Lett   79: 3926
28. Kuwarbara S, Kondo T, Chikyou T, Ahmet P, Munekata H (2001)

Jpn J Appl Phys 40: L724
29. Thaler GT, Overberg ME, Gila B, Frazier R, Abernathy CR, Pearton

SJ, Lee JS, Lee SY, Park YD, Khim Z,G, Kim J, Ren F (2002) Appl
Phys Lett 80: 3964

30. Hori HS, Sasaki T, Yamamoto Y, Shimizu S, Suga  K, Kindo K
(2002) Physica B 324: 142

Page 318 of 383



References      309

31. Pearton SJ, Abernathy CR, Norton DP, Hebard AF, Park YD, Boatner
LA, Budai JD (2003) Mater Sci Eng R 40: 137

32. Pearton SJ, Abernathy CR, Overberg ME, Theodoropoulou N, He-
bard A.F, Park YD, Ren F, Kim J, Boatner LA (2003) J Appl Phys
93: 1

33. Dhar S, Brandt O, Trampert, Daweritz AL, Friedland KJ, Ploog  KH,
Keller J, Beschoten B, Guntherhold G (2003) Appl Phys Lett  82:
2077

34. Park MC, Huh KS, Hyong JM, Lee JM, Chung JY, Lee KI, Han SH,
Lee WY (2002) Solid-State Commun 124: 11

35. Lee JS, Lim JD, Khim ZG, Park YD, Pearton SJ, Chu SNG (2003) J
Appl Phys 93: 4512

36. Ando K (2003) Appl Phys Lett 82: 100
37. Baik JM, Kim JK, Yang HW, Shon Y, Kang TW, Lee JL (2002) Phys

Status Solidi B 234: 943
38. Sardar K, Raju AR, Basal B, Venkataraman, Rao CNR (2003) Solid-

State Commun 125: 55
39. Baik JM, Yang HW, Kim JK, Lee J-L (2003) Appl Phys Lett 82: 583
40. Shon Y, Kwon YH, Yuldashev SU, Park YS, Fu DJ, Kim DY, Kim

HS, Kang TW (2003) J Appl Phys 93: 1546
41. Dietl T, Ohno H, Matsukura F (2001) Phys Rev B 63: 195205
42. Dugaev VK, Litvinov VI, Barnes J, Viera M (2003) Phys Rev B 67:

033201
43. Schliemann J (2003) Phys Rev B 67: 045202
44. Rao BK, Jena P (2002) Phys Rev Lett 89: 185504
45. Korotkov RY, Gregie JM, Wessels BW (2002) Appl Phys Lett 80:

1731
46. Graf T, Gjukic M, Brandt MS, Stutzmann M, Ambacher O (2002)

Appl Phys Lett  81: 5159
47. Polyakov AY, Govorkov AV, Smirnov NB, Pashkova NY, Thaler

GT, Overberg ME, Frazier R, Abernathy CR,  Pearton SJ, Kim J, Ren
F (2002) J Appl Phys 92: 4989

48. Theodoropoulou NA, Hebard AF, Chu SNG, Overberg ME, Aber-
nathy CR, Pearton SJ, Wilson RG, Zavada JM (2001) Appl Phys Lett
79: 3452

49.  Pearton SJ,  Overberg ME, Thaler G,  Abernathy CR,  Theodoro-
poulou N,  Hebard AF, Chu SNG,  Wilson RG,  Zavada JM,  Polya-
kov AY,  Osinsky A, Park YD (2002) J Vac Sci Technol A 20: 583

50. Akinaga H, Nemeth S, De Boeck J, Nistor L, Bender H, Borghs G,
Ofuchi H, Oshima M (2000) Appl Phys Lett 77: 4377

51. Hashimoto M, Zhou YZ, Kanamura M, Asahi H (2002)  Solid-State
Commun 122: 37

Page 319 of 383



310      Nitride-Based Spintronics

52. Yang SG, Pakhomov AB, Hung ST, Wong CY (2002) Appl Phys Lett
81: 2418

53. Wu SY, Liu HX, Gu L, Singh RK, Budd L, Schilfgaaarde M,
McCartney MR, Smith DJ, Newman N (2003) Appl Phys Lett 83:
3255.

54. Liu C, Alves E, Ramos AR, da Silva MF,  Soares JC,  Matsutani T,
Kiuchi M (2002)  Nucl Instrum. Methods Phys B 191: 544

55. Ohno H, Shen S, Matsukura F, Oiwa A, Endo A, Katsumoto S, Iye Y
(1996) Appl Phys Lett 69: 363

56. Janotti L, Wei S, Bellaiche L (2003) Appl Phys Lett 82: 766
57. Martin AL, Spalding CM, Dimitrova EI, Van Patten PG, Caldwell

MC, Kordesch ME, Richardson HH (2001) J Vac Sci Technol A 19:
1894

58. Lu F, Carius R, Alam A, Heuken  M, Buchal Ch (2002) J Appl Phys
92: 2457

59. Cho D-H, Shimizu M, Ide T, Ookita H, Koumwa H (2002)  Jpn J
Appl Phys 41: 4481

60. Hu X, Deng J, Pala N, Gaska R, Shur MS, Chen CQ, Yang J, Simin
G, Khan MA, Rojo JC, Schwalker ZJ (2003) Appl Phys Lett 82: 1299

61. Serina F, Ng KYS, Huang  C, Amer GW, Romni L, Naik R (2001)
Appl Phys Lett 79: 3350

62.  Lee SH,  Lee JK, Yoon KH (2003) J Vac Sci Technol A 21: 1
63. Takagaki Y, Santos P, Wiebicke E, Brandt O, Schmerr JD, Ploog K

(2002) Appl Phys Lett 81: 2538
64. Kipshidze G, Kuryatkov V, Zhu K, Vorizov B, Holtz M, Nikishin S,

Temkin H (2003) J Appl Phys 93: 1363
65. Nishida T, Kobayashi N, Ban T (2003) Appl Phys Lett 82: 1
66. Gaska R, Chen C, Yang J, Kookstis E, Kahn MA, Tamulaitis G, Yil-

mog I, Shur MS, Rojo JC, Schowalter LJ (2002) Appl Phys Lett 81:
4658

67. Yang SG, Pakhomov AB,  Hung CY, Wong CY (2002) Appl Phys
Lett 81: 2418

68. Theodoropoulou N, Hebard AF, Overberg ME, Abernathy CR, Pear-
ton SJ, Chu SNG, Wilson RG (2003) Phys Rev Lett 89: 107203

69. Kucheyev SO, Williams JS, Zou J, Jagadish C, Pophristic M, Guo S,
Ferguson IT, Manasreh MO (2002)  J Appl Phys 92: 3554

70. Li J, Nam KB, Nakarmi MC, Lin  JY, Jiang HX (2002) Appl Phys
Lett 81: 3365

71. Hashimoto M, Zhou Y-K, Kanamura M, Asahi H (2002) Solid-State
Commun 122: 37

72. Nam KB, Li J, Kim KH, Lin KH, Jiang HX (2001) Appl Phys Lett
78: 3690

Page 320 of 383



References      311

73. Ji Y, Stijkers GJ, Yang FY, Chien CC, Byers JM, Angvelovch A,
Xiao G, Gupta A (2001) Phys Rev Lett 86: 5585

74. Inumarn K, Okamoto H, Yamanka SJ (2002)  J Cryst Growth 237–39:
2050

75. Suzuki K, Kancho T, Yoshida H, Morita H, Fujimori H (1995) J Al-
loys Compds 224: 232

76. Sharma P, Gupta A, Rao KV, Owens FJ, Sharma R, Abuja R, Osorio
Guillen JM, Johansson B, Gehring GA (2003) Nature Mater 2: 673

77. Frazier RM, Thaler G, Abernathy  CR, Pearton SJ (2003) Appl Phys
Lett 83: 1758

78. Pearton SJ, Overberg ME, Abernathy CR, Theodoropoulou N, He-
bard AF, Chu SNG, Osinsky A, Zuflyigin V, Zhu LD, Polyakov AY,
Wilson RG (2002) J Appl Phys 92: 2047

79. Ohno Y, Young DK, Beschoten B, Matsukura F, Ohno H, Awscha-
lom DD (1999) Nature 402: 790

80. Jonker BT, Park YD, Bennet BR, Cheong HD,  Kioseoglou G, Petrou
A (2000) Phys Rev B 62: 8180

81. Park YD, Jonker BT, Bennet BR, Itzkos G, Furis M, Kioseoglou G,
Petrou A (2000) Appl Phys Lett 77: 3989

82. Jonker BT, Hanbicki AT, Park YD, Itzkos G, Furis M, Kioseoglou G,
Petrou A (2001)  Appl Phys Lett 79: 3098

83. Graf T, Goennenwein STB, Brandt MS (2003) Phys Status Solidi B
239: 277

Page 321 of 383



313

6 Novel Insulators for Gallium Nitride Metal-Oxide
Semiconductor Field Effect Transistors and
AlGaN–GaN Metal-Oxide Semiconductor
High Electron Mobility Transistors

6.1 Abstract

The use of gate insulators for compound semiconductor electronics would
alleviate many of the problems encountered in current Schottky-based de-
vices.  Further, circuit design can be simplified, since enhancement-mode
MOSFETs can be used to form single supply voltage control circuits for
power transistors.  The use of MOSFETs also allows the use of comple-
mentary devices, thus producing less power consumption and simpler cir-
cuit design.  A critical need is to develop reliable methods for deposition of
these insulating films.  This will enable the development of a new class of
compound semiconductor electronics for high-speed communication and
data processing applications.  Both MgO and Sc2O3 are shown to provide
low interface state densities (in the 1011 eV–1 cm –2 region) on n- and p-GaN,
making them useful for gate dielectrics for MOS devices and also as sur-
face passivation layers to mitigate current collapse in GaN–AlGaN
HEMTs.  Clear evidence of inversion has been demonstrated in gate-
controlled MOS p-GaN diodes using both types of oxide.  Charge pumping
measurements on diodes undergoing a high-temperature implant activation
anneal show a total surface state density of ~3 × 1012 cm–2.  On HEMT
structures, both oxides provide effective passivation of surface states, and
these devices show improved output power.  The MgO–GaN structures are
also found to be quite radiation resistant, making them attractive for satel-
lite and terrestrial communication systems requiring a high tolerance to
high-energy (40 MeV) protons.
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6.2 Introduction

AlGaN–GaN HEMTs appear well suited to high-speed and high-
temperature applications, including high-frequency wireless base stations
and broad-band links, commercial and military radar and satellite commu-
nications.[1–34]  These devices are capable of producing very high power
densities (>12 W/mm), along with high breakdown voltage and low noise
figures.  A schematic of a typical HEMT structure is shown in Figure 6.1.
The highest performance devices are typically grown on SiC substrates be-
cause of their high thermal conductivity.  To achieve high switching
speeds, the gates are patterned using e-beam lithography.  A cross-section
of a typical gate is shown in Figure 6.2, with a picture of the gate contact,
source and drain contacts shown in Figure 6.3.

Figure 6.1. Schematic of typical microwave power HEMT MIM is metal-insulator-metal
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Figure 6.2. SEM micrograph of mushroom-shaped gate fabricated on HEMT using e-beam
lithography

Figure 6.3. SEM micrograph of HEMT contacts.  The inset shows a schematic cross-section
view
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These devices can achieve excellent power performance, well above that
obtained with competing technologies such as GaAs and SiC MESFETs, as
shown in Figure 6.4.  The use of MOS or MIS gates for HEMTs produces a
number of advantages over the more conventional Schottky metal gates, in-
cluding lower leakage current and greater voltage swing.[2,22,26,28–43]
The materials reported for gate oxide/insulators include SiO2 [3,22–27,36],
Gd(Ga2O3) [22,23,27,34], AlN [35], SiNx [14,32,33], MgO [24,37] and
Sc2O3 [37].  These materials can also be employed as surface passivation
layers on HEMTs.  A commonly observed problem in these devices is the
so-called “current collapse” in which the application of a high drain–source
voltage leads to a decrease of the drain current and increase in the knee
voltage.[4,6,12–17,20]  This phenomenon can also be observed by a current
dispersion between dc and pulsed test conditions or a degraded rf output
power.  The mechanisms include the presence of surface states on the cap
layer or trapping centers in the resistive buffer underlying the active chan-
nel.  The carriers in the 2-DEG can be lost either to the surface or buffer
traps.[4 6,38]  The former may be mitigated to a greater or lesser extent by
use of appropriate surface passivation, most often SiNx deposited by
plasma-enhanced chemical vapor deposition (PECVD), while the latter is a
function of the epitaxial growth conditions.

Figure 6.4. Calculated and experimental microwave power performance of various tech-
nologies (figure courtesy of Dr AP Zhang, GE Corporate R&D)
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In this chapter we will describe progress on two alternative candidates
for HEMT gate dielectrics and passivation, namely Sc2O3 and MgO.[39,41–
43]  Table 6.1 shows a comparison of the properties of these oxides with
those of the other commonly used passivation materials on GaN.  These
novel oxides do not contain hydrogen and may have advantages over SiNx

in that respect, because atomic hydrogen diffuses rapidly and could enter
the GaN or gate metal over extended periods of device operation.

Table 6.1. Material properties for SiC, GaN and various dielectrics.  W = Wurtzite,
A = amorphous, B = Bixbyite, N = NaC

SiC GaN SiO2 AlN Gd2O3 Sc2O3 CaO MgO Mg.5Ca.5O Mg.75Ca.25O

Structure W
(4H)

W A W or A B B N N N N

Lattice con-
stant

3.07 3.186 – 3.113 10.81
3

9.845 4.799 4.2112 4.505 4.356

Atomic
spacing in
the (111)
plane

– – 3.828 3.480
7

3.393 2.978 3.186 3.08

Mismatch to
GaN (%)

– – – 2.3 20.1 9.2 6.6 –6.5 0 –

Mismatch to
SiC (%)

1.1 24.3 13 10.2 –3.3 0.3

TMP (K) 2800 1900 3500 2668 2678 2860 3073

Bandgap (eV) 3.26 3.4 9 6.2 5.3 6.3 7 8

Electron af-
finity (eV)

3.4 0.9 0–2.9 0.63 0.7

Work func-
tion (eV)

4.5 0.9–1.2 2.1–
3.3

4 3.1–4.4

Dielectric
constant

9.7–
10.3

9.5 3.9 8.5 11.4 14 11.8 9.8

6.3 Insulators for Gallium Nitride Metal-Oxide
Semiconductor and Metal–Insulator–Semiconductor
Field Effect Transistors

GaN MOSFETs are far less developed than for Si or even SiC.  Most work
in this area has focused on the amorphous dielectrics, and in particular on
SiO2.  Silicon oxide deposited by PECVD has been reported to give inter-
face state densities on the order of low 1×1011 eV–1cm–2.  Silicon oxide de-
posited by electron beam evaporation has shown an interface state density

Page 326 of 383



318 Novel Insulators for GaN MOSFETs and AlGaN/GaN MOS-HEMTs

of 5.3×1011 eV–1cm–2.  This dielectric has also been employed as the insu-
lator in an insulated gate heterostructure FET (IG-HFET) by Khan et
al.[43]  While these devices are promising, the low dielectric constant of
SiO2 and the absence of modulation at positive gate voltages (forward bias)
above 3–4 V in SiO2–GaN devices suggests that other alternatives should
be considered.[44]

Silicon nitride is another amorphous dielectric that has been explored.
Deposition by PECVD on GaN resulted in an interface state density of
6.5×1011 eV–1cm–2.  Electrical measurements showed the MISFET structure
had a large flat band voltage shift (3.07 V) and a low breakdown field
strength (1.5 MV/cm) of the dielectric.  A unique dielectric structure of
SiO2–Si3N4–SiO2 (ONO) was reported to have a breakdown field strength
of 12.5 MV/cm for temperatures as high as 300°C.[15]  The ONO structure
was deposited by jet vapor deposition to a thickness of 10 nm–20 nm–10
nm.  This multilayer structure allows for unique engineering of a dielectric,
and will most likely receive more attention in the future.  However, the di-
electric constant of the SiO2 is still a disadvantage in this structure.

Gallium oxide is yet another material that has been investigated. Thermal
oxidation of the GaN surface to form Ga2O3 has been performed in dry and
wet atmospheres.  Dry oxidation of GaN epilayers at temperatures below
900°C showed minimal oxidation.  At temperatures above 900°C, a poly-
crystalline monoclinic Ga2O3 forms at a rate of 5.0 nm/h.  This oxidation
rate is too slow to be viable as a processing step.  Wet oxidation of GaN
also forms polycrystalline monoclinic Ga2O3, but at a rate of 50.0 nm/h at
900°C.  From cross-sectional TEM (XTEM), the interface between the ox-
ide and the GaN is found to be non-uniform. SEM shows that both films are
rough and facetted.  Electrical characterization of the oxide films shows the
dry oxide dielectric has a breakdown field strength of 0.2 MV/cm and a wet
oxide dielectric field strength of 0.05 to 0.1 MV/cm.  As with GaAs, it does
not appear that Ga2O3 will be a viable dielectric for GaN.

Owing to the recent success of gallium gadolinium garnet (GGG) as a
dielectric in GaAs MOSFETs, attention has turned toward this as a dielec-
tric material for GaN.  This material is amorphous when deposited by e-
beam evaporation.  The large dielectric constant of this material is particu-
larly attractive, and the bandgap, though significantly lower than that of
SiO2, is expected to be adequate for n-type material.  Using e-beam evapo-
ration in an MBE environment for deposition of the dielectric, a
Ga2O3(Gd2O3)–GaN depletion mode MOSFET was fabricated.[23]  While
the device showed significantly less gate leakage at elevated temperature
relative to a conventional MESFET fabricated on the same GaN layer, the
device still could not be modulated at voltages above roughly 3 V.  This
again suggests problems with leakage at the dielectric–GaN interface.
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In addition to the amorphous dielectrics, crystalline AlN has also been
considered.  AlN deposited by MBE and MOCVD has been used to create
MISFET devices and IG-HFET devices.  The AlN gate in the MISFET
structure grown by MOMBE at 400°C was polycrystalline and resulted in a
dielectric breakdown field of 1.2 MV/cm.[25]  The AlN IG-HFET structure
was grown at 990°C, forming a single-crystal film of 4.0 nm.  This device
operated in enhancement mode and had a pinch-off voltage of 0 V.  Unlike
the amorphous dielectrics, single-crystal AlN and polycrystalline AlN films
are expected to suffer from defects and grain boundaries that reduce the
breakdown field sustainable in the material.

An attractive oxide alternative to both GGG and SiO2 is Gd2O3, which
also has a high dielectric constant, 11.4, and a bandgap of 5.3 eV.  This
oxide exists in the Mn2O3 (Bixbyite) crystal structure, which exhibits simi-
lar atomic symmetry in the (111) plane as the GaN (0001) basal plane.
This similarity in symmetry offers the possibility to grow an epitaxial di-
electric.  Single-crystal growth of Gd2O3 on GaAs has, for example, been
demonstrated.  However, in the case of GaAs the expected orientation be-
tween the Gd2O3 and the substrate is (100) rather than (111).  Further, the
bond length mismatch between the Gd2O3 and GaAs (100) planes is smaller
than between the Gd2O3 (111) and GaN (0001), 4.2% vs. 20%.  In spite of
this mismatch, we have recently demonstrated that Gd2O3 can be deposited
epitaxially on GaN using elemental Gd and an ECR oxygen plasma in gas-
source MBE (GSMBE).  The dislocations present in the film limit the
breakdown field which can be sustained in the dielectric and necessitate the
use of an SiO2 overlayer in order to fabricate MOSFETs from this material.
Transistors with 1 μm gate length fabricated using the SiO2–Gd2O3 dielec-
tric stack showed modulation up to a forward gate bias of 7 V.[28]  This is
the highest modulation yet reported for a GaN MOSFET.  Thus, it appears
that the amorphous dielectrics, in particular GGG, produce the best break-
down fields while the Gd2O3 appears to produce the best interface with
GaN.  This is not surprising, since in general one would expect the amor-
phous dielectrics to contain fewer defects and thus withstand higher fields
before breakdown.  By contrast, the crystalline dielectrics appear to be
more amenable to the formation of a low defect interface and are better
suited to passivation of the surface dangling bonds, but suffer from high
concentrations of bulk defects which limit the breakdown field.  Both GGG
and Gd2O3 appear to be stable at temperatures up to 950–1000°C, suggest-
ing that both the interface and the bulk microstructure are capable of with-
standing high temperature processing.  It should be noted that both GGG
and Gd2O3 are not well suited to fabrication of devices on either p-SiC or p-
GaN, since the valence band offset to these materials is expected to be ei-
ther very small or in fact negative, as shown in Figure 6.5.
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Figure 6.5. Band alignments for SiC, GaN and various dielectrics.  The top of the bar corre-
sponds to the conduction band edge, while the bottom corresponds to the valence band edge.
The vacuum level is set at E = 0.  Values for AlN are based on an average of the reported
electron affinity values.  The conduction band edge shown for Sc2O3 was calculated from the
work function.  Values for the MgCaO ternaries were calculated using Vegard’s law as-
suming that the electron affinity of CaO is similar to that of MgO

6.4 Approach for Gallium Nitride

It is clear that substantial room for improvement remains in the choice of
dielectrics for use with wide bandgap semiconductors.  Based on recent
work, it is believed there are some attractive materials which offer promise
for this application.  All of the proposed dielectrics are expected to be
thermally stable based on their melting points and upon thermal stability
studies we have performed on similar materials.  Each of the candidate
materials has a bandgap which is at least 2 eV larger than the semiconduc-
tor, and all except AlN have dielectric constants comparable to or larger
than the underlying semiconductor.
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6.4.1 Bixbyite Oxides

In the development of GaN MOSFET power transistors there have been in-
vestigations of the growth of Gd2O3 on GaN using elemental Gd and an
ECR-generated oxygen plasma.  It is known that growth initiation is a criti-
cal step in the formation of epitaxial films.  Four different procedures for
growth initiation were tested on the (1×3) GaN surface produced by heating
in vacuum to 700°C.  First, a low-temperature (300°C) exposure to the
oxygen plasma was studied.  As shown in Figure 6.6, the surface changes
from a sharp (1×3) to a hazy (1×2).  If the (1×3) GaN surface was exposed
to the oxygen plasma at 650°C, then the surface also immediately changed
to the (1×2) surface, then after an additional 5 min exposure to the oxygen
plasma the surface became further reconstructed to a (4×4), as shown in
Figure 6.7.  This (4×4) surface remained after the oxygen plasma was
turned off.  When the (1×3) surface was exposed to a Gd atomic beam, the
RHEED pattern, seen in Figure 6.8, is also a (1×2); however, the spacing of
the main diffracted lines has changed, indicating that the spacing between
the atoms has changed and that a different crystal structure has formed.

Figure. 6.6. RHEED images of (top) a (1×3) GaN surface at 700°C and (bottom) the same
surface at 300°C under an O plasma showing a (1×2)
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Figure 6.7. RHEED images of (top) a (1×3) GaN surface after receiving an O plasma expo-
sure for 5 min at 700°C showing a faint (4×4), and (bottom) a (1×1) Gd2O3 surface grown at
610°C on the (4×4) oxygen-treated surface

Figure 6.8. RHEED images of (top) a (1×3) GaN surface after receiving an O plasma expo-
sure for 5 min at 700°C showing a faint (4×4), and (bottom) a (1×1) Gd2O3 surface grown at
610°C on the (4×4) oxygen-treated surface
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Growth on the low-temperature oxygen plasma-exposed surface initially
indicated a good Gd2O3 crystal structure, as indicated by RHEED, but after
10 min of growth a symmetric RHEED pattern emerged, as seen in Figure
6.9, indicating that the Gd2O3 crystal quality had been degraded.  Reducing
the growth rate produced the same symmetric pattern.  Growth was also
performed on the (1×2) GaN surface produced from the short oxygen expo-
sure at 650°C.  Here, the initial Gd2O3 RHEED pattern remained for the du-
ration of the growth; however, extra spots were seen in the RHEED images
(see Figure 6.10), indicating that the layer was partly polycrystalline.

Figure 6.9. RHEED images of (top) a (1×2) 300°C oxygen-treated GaN surface, (middle) a
(1×1) Gd2O3 surface after 10 min of growth at 650°C, and (bottom) a symmetric pattern af-
ter 90 min of growth.  The <11-20> is at left and the <1-100> is at right
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Figure 6.10.  RHEED image of Gd2O3 (1×1) grown at 650°C at 0.9 nm/min indicating extra
spots due to defects

Further growth experiments with reduced gadolinium effusion cell tem-
peratures and a reduced substrate temperature of 605°C gave final RHEED
patterns of the Gd2O3 crystal surface without the extra spots, indicating a
uniform single-crystal film.  Samples grown on the high-temperature oxy-
gen plasma-treated surface (4×4) and the gadolinium-exposed surface
showed sharp Gd2O3 crystal RHEED patterns and smooth surfaces on the
order of 0.5 nm RMS roughness.

High-resolution XTEM proved that the Gd2O3 grew on the GaN in a pla-
nar fashion, as seen in Figure 6.11.  There are dislocations visible in the
image, indicating that the film is highly defective.  However, large areas of
dislocation-free material were seen in XTEM.  From this image, it can be
seen that the Gd2O3–GaN interface was clean.  The dark layer between the
Gd2O3 and the GaN is a thickness effect from the ion milling process used
to fabricate the TEM sample.  On the left side of the image, the Gd2O3 lat-
tice can be seen in contact with the GaN lattice.  A lower resolution TEM
image (Figure 6.11) indicated that the Gd2O3 planarized the GaN quite
well.  In fact, the Gd2O3 filled in the void in the GaN surface with the same
registry as the entire film.  Thus, there was no polycrystalline morphology
in the void.  There were, however, some pockets of crystal lattice that were
tilted and rotated, as seen in the image.  This can be attributed to the dislo-
cations arising from the single-crystal material in the void meeting single-
crystal material on the surface.  X-ray diffraction of this sample showed
only one peak for the Gd2O3 that coincided with the (111) peak from pub-
lished JCPDS cards.  This peak, shown in Figure 6.12, had a shoulder to the
left side and had a full width at half maximum (FWHM) of 883 arcseconds
The intensity of the x-ray system used was too low to resolve this shoulder
in triple axis mode, so the cause of this shoulder is unknown.  X-ray dif-
fraction of the sample that showed the extra RHEED spots (Figure 6.9) is
shown in Figure 6.12.  Here, a second peak was clearly seen, which corre-
sponds to the (321) plane of Gd2O3.  Also, the FWHM of this (111) peak
was over 1600 arcseconds  X-ray diffraction was also performed on the
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gadolinium-initiated sample and the 5 min high-temperature oxygen
plasma-initiated sample, seen in Figure 6.13.  The difference in the two
samples was quite large.  The gadolinium-initiated growth showed a
FWHM of 1023 arcseconds for the (111) peak.  The high-temperature oxy-
gen plasma-initiated growth showed a very broad peak that was several
thousand arcseconds wide.  As a result of this study, it was determined that
Gd initiation is the best method for growth initiation, and that single-crystal
epitaxial Gd2O3 can be deposited on GaN.  The optimized process was used
to fabricate the devices mentioned in the previous section.

Figure 6.11. TEM images of Gd2O3 grown on GaN at 650C using elemental sources.  The
GaN is on the bottom and the Gd2O3 is on top.  Notice the difference in lattice spacing.

Figure. 6.12. X-ray diffraction plots of Gd2O3 grown on GaN at 650°C.  The FWHM of the
peak at left is 883 arcseconds and at right is 1623 arcseconds.  The RHEED pattern from the
film at right showed spots indicative of polycrystalline structure
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Figure 6.13. X-ray diffraction plot of samples grown on a Gd-exposed GaN surface or a 5
min high-temperature O plasma-exposed GaN surface.   FWHM of the Gd-initiated sample
is 1058 arcseconds

6.4.2 Scandium Oxide

Sc2O3 exists in the same Bixbyite structure as Gd2O3, but it has a much
smaller lattice constant; see Table 6.1.  This should make it less defective
when deposited on GaN.  Like Gd2O3 it has a high melting point, suggest-
ing good thermal stability.  The material is often used as an optical coating
for high power photonic devices and has a bandgap of 6.3 eV.  Based upon
the reported work function of 4 eV, it is likely that the electron affinity is
~0.85 eV.  If this estimate is correct, then, unlike Gd2O3, the band offsets
for Sc2O3 should allow fabrication of devices on both n- and p-type mate-
rial.  The dielectric constant is also favorable, as it is slightly larger than
that of Gd2O3, 14 vs. 11.

In light of the success we have had with Gd2O3, we believe that Sc2O3

has a high probability of showing improvement over existing dielectrics.
By limiting the Sc2O3 thickness to ~10 nm, we should be able to minimize
the defect concentration.  However, a large mismatch still exists in this
system, and we expect that an amorphous overlayer will still be required.
We have found that reducing the Gd2O3 deposition temperature to 100°C is
sufficient to produce amorphous material on GaN.  However, when this
material is deposited on crystalline Gd2O3 a polycrystalline layer is pro-
duced.  It is possible that using an e-beam source of Gd2O3 will help to
suppress the surface mobility and allow for the deposition of amorphous
material, in spite of the template effect of the crystalline Gd2O3.
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6.4.3 MgO–CaO

MgO is a rock salt dielectric which has been explored as an intermediate
buffer layer for growth of ferroelectric materials on semiconductors or as a
potential gate dielectric for GaAs or Si.  While MgO deposition by MBE
has been successfully demonstrated by a number of groups, the crystal
quality of the films deposited on GaAs and Si has been poor due to the
large lattice mismatch between the MgO and the semiconductor substrate.
GaN has a smaller lattice constant than GaAs and is thus a much closer
match to MgO.  CaO is also a rock salt dielectric, but with a substantially
larger lattice spacing than MgO.  A ternary oxide consisting of MgO and
CaO could thus, in principle, be closely matched to the GaN, resulting in a
substantial reduction in defect density.  Similarly, a lattice-matched alloy
should also be possible for SiC.  An additional advantage of this system is
the large bandgap, and thus large band offsets are expected relative to either
an n- or p-type semiconductor.  Further, the dielectric constants for both
MgO (9.8) and CaO (11.8) are substantially higher than for SiO2.

One problem with this material system is the large difference in ionic ra-
dius between Mg and Ca, which causes severe immiscibility.  At the tem-
perature regime needed for this work the solubility of the compounds is
minimal.  However, the use of MBE as the deposition method often allows
for the formation of metastable phases.  In fact, it has been demonstrated
that the MgCaO ternary can be grown with compositions covering the en-
tire compositional range when deposited at a temperature of 300°C.

It is possible to use two approaches to form lattice, matched MgCaO on
GaN and SiC.  One employs low growth temperatures to overcome the im-
miscibility, while the other relies on alternating layers of MgO and CaO,
often referred to as the digital alloy approach, to form a material with the
properties of the average composition of the film.  On GaN, the layers
would be alternated sequentially, while on SiC the ratio of MgO layers to
CaO layers would be 3:1.  An additional consideration with the SiC sub-
strates is the possibility of SiO2 formation at the SiC–oxide interface.  By
initiating growth with a metal layer, the formation of SiO2 can be sup-
pressed.

6.4.4 Amorphous Aluminum Nitride

While crystalline AlN shows some promise as a gate dielectric, it still suf-
fers from leakage and low breakdown due to dislocations and other defects.
Presumably these arise from the small but finite lattice mismatch which
exists between AlN and SiC or GaN.  An alternative approach is the use of
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amorphous AlN.  It is expected that reducing the growth temperature
should suppress the surface mobility sufficiently to prevent nucleation of a
crystalline phase.  Rogers et al. (unpublished) have in fact shown that by
using a growth temperature of 200°C in the CVD of AlN on Si it is possible
to reduce the leakage and improve the breakdown relative to crystalline
AlN grown on the same substrate material.  The absence of X-ray diffrac-
tion peaks in their material suggests that the deposited material is amor-
phous.

Amorphous AlN has also been deposited using a gaseous Al precursor
and an rf nitrogen plasma in an MOMBE system.  As shown in Figure 6.14,
it was possible to deposit material at 325°C in which approximately 30% of
the volume is amorphous.  On SiC, this has produced MIS capacitors with a
gate breakdown of 6.8 MV/cm, and C–V analysis shows little or no evi-
dence of hysteresis.  Similar experiments on GaN were not as successful,
with breakdowns of only 1 MV/cm attainable.  This is most likely due to
enhanced crystallinity from the template effect of the GaN substrate.

Figure 6.14. XTEM of AlN deposited on Si at 325°C showing crystalline pockets dispersed
in an amorphous matrix

In order to improve the electrical behavior of the AlN–SiC and AlN–
GaN structures it will be necessary to reduce the crystallinity of the
material further.  This can most likely be accomplished by further reducing
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the growth temperature.  Hence, it will be necessary to switch from the
gaseous Al precursor, which has a lower thermal decomposition tempera-
ture of ~325°C, to an elemental Al effusion oven which can, in principle,
be used at much lower substrate temperatures.  In addition to using the
amorphous AlN as a sole dielectric, it can also be incorporated into stacked
gate structures employing the crystalline oxides discussed previously.

6.5 Gate-Controlled Metal-Oxide Semiconductor Diodes

Fabrication of gate-controlled MOS diodes on GaN is an excellent method
for establishing the quality of the dielectrics.  The use of MOS gates should
enhance the performance of GaN–AlGaN transistors, which already show
excellent potential.[45–88]  To fabricate gate-controlled diodes using the
oxides as gate dielectrics, the starting sample was a 1 μm thickness p-GaN
(hole concentration is ~2 × 1017 cm–3 at 25oC) layer grown on a 2 μm undo-
ped GaN buffer grown on an Al2O3 substrate by MOCVD.  Both MgO and
Sc2O3 were used as the gate dielectrics.  The Sc2O3 was deposited by rf
plasma-activated MBE at 650oC using elemental Sc evaporated from a
standard effusion cell at 1130oC and O2 derived from an electron cyclotron
plasma source operating at 200 W forward power (2.45 GHz) and 10–4

Torr.  The Sc2O3 layers were ~400 Å thick. The smaller mismatch between
the Sc2O3 and the GaN (0001) should lead to a lower defect density, and in
fact the FWHM in the x-ray diffraction scan is substantially reduced at 514
arcseconds as compared with the 883 arcseconds found for comparable
Gd2O3 layers, as shown in Figure 6.15.

The MgO was deposited by MBE at 100°C.  The MgO precursors were
elemental Mg and RF plasma-activated oxygen.  The GaN samples were
cleaned initially with a 3 min chemical etch in HCl/H2O (1:1), H2O rinse,
UV–ozone exposure for 25 min, rinse in buffered oxide etch solution (6:1,
NH4F/HF) and rinsed in H2O.  The samples were then loaded into the MBE
system and heated at 650°C to ensure oxide removal.  A standard effusion
cell operating at 380°C was used for evaporation of the Mg, while the O2

source was operated at 300 W forward power (13.56 MHz) and 2.5 × 10–5

Torr.  The MgO layers were ~800 Å thick.  In separate measurements, we
obtained interface state densities of (2–3)×1011 cm2eV–1 from the AC con-
ductance and Terman methods.[39–43]
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Figure 6.15. High-resolution x-ray diffraction scans of Sc2O3 on h-GaN

N+ regions were created by selective implantation of Si+ at multiple en-
ergies and doses (70 keV, 2 × 1013 cm2, 195 keV, 6 × 1013 cm–2 and 380
keV, 1.8 × 1014 cm–2).  The junction depth was ~0.4 μm from ion range
simulations.  The samples were then annealed at 950oC under N2 to activate
the Si-implanted regions. Windows were etched into the oxide and e-beam
deposited p-ohmic (Ni–Au), n-ohmic (Ti–Al–Pt–Au) and gate metal (Pt–
Au) were patterned by lithography.  The separation of the n+ regions was
~60 μm.  A schematic of the completed gate-controlled diode is shown in
Figure 6.16, and Figure 6.17 shows a plan-view photograph of the
completed device.

Figure 6.18 shows C–V characteristics of the MgO–GaN MOS-
controlled diodes at 25°C in the dark as a function of the measurement fre-
quency.  In each case, –20 V was applied at the gated contact to provide a
source of minority carriers.  The frequency dispersion observed in inversion
is due to the resistance of the inversion channel.  At 5 KHz measurement
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Figure 6.16. Schematic of Sc2O3–p-GaN gate-controlled diodes

Figure 6.17. Photograph of completed gate-controlled diode
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frequency we observe only deep depletion, since the characteristics are
dominated by majority carriers.  As the frequency is decreased, a clear in-
version behavior is observed due to charge flow into and from the n+ re-
gions external to the gate.  In diodes without the n+ regions to act as an ex-
ternal supply of minority carriers, we could not observe inversion, even up
to measurement temperatures of 300°C.  Similar results were obtained for
Sc2O3–GaN diodes, as shown in Figure 6.19.  The shift in the “hooks” in
the capacitance–voltage curves can be used to establish the total surface
state density.[41,42]

Figure 6.18. C–V characteristics of MgO/GaN MOS gate-controlled diodes at 25 °C as a
function of measurement frequency (+15V bias in gated contact in each case)

Charge pumping experiments can also be used to measure the surface
state density.  This density, NSS, can be related to the pulse frequency υ and
charge-pumping current ICP through the relation
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Figure 6.19. C–V characteristics of Sc2O3–GaN MOS gate-controlled diodes at 25
°C as a function of bias on the gate contact

CP
SS

C

I
N

A eυ
= (6.1)

where AC is the diode channel area and e is the electronic charge.  Figure
6.20 shows typical data measured at υ = 50 kHz. From this data, we obtain
NSS = 3 × 1012 cm–2 at the Sc2O3–p-GaN interface.  Note that no effort has
been made in our structures to passivate surface states through forming gas
anneals or plasma hydrogenation.  This is the first measurement of surface
state density in GaN-based MOS structures that more fully approximate a
transistor, i.e. the structures show inversion and have gone through an ex-
tensive device processing sequence.
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Figure 6.20. C–V characteristics of Sc2O3–GaN MOS gate-controlled diodes at 25 °C as a
function of bias on the gate contact

6.5.1 Surface Passivation

We have employed gate lag measurements on the HEMTs as a metric for
establishing the effectiveness of the oxide passivation.[38]  In this method,
the drain current IDS response to a pulsed gate–source voltage VG is meas-
ured.  Figure 6.21 (top) shows the normalized IDS as a function of drain–
source voltage (VDS) for both dc and pulsed measurements on unpassivated
HEMTs.  In the data, VG was pulsed from –5 V to 0 V at 0.1 MHz and 10%
duty cycle.  The bottom of Figure 6.21 shows the normalized IDS for the
same device after MgO deposition.  Note the much reduced current col-
lapse.  Figure 6.22 shows the normalized IDS as a function of gate–source
voltage VG switched from –5 V to 0 V with VDS held constant at a low value
(3 V) to avoid the complications of device heating, for both unpassivated
(top) and MgO-passivated HEMTs.  The large differences between dc and
pulsed drain currents in the case of the unpassivated devices are consistent
with the presence of surface traps that deplete the channel in the access re-
gions between the gate and drain contacts.  However, after MgO deposition
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the HEMTs showed an increase in drain-source current of 20% in the dc
mode, which is consistent with passivation of the surface state.  This is
clear evidence for the assumption that surface states are the cause of the
gate-lag phenomenon and also that MgO passivation mitigates this prob-
lem.  Once again, similar results were obtained with Sc2O3 passivation.

Figure 6.21. (Top) Gate lag measurements on unpassivated AlGaN–GaN HEMTs.  VG is
switched from –5 V to 0 V;  (Bottom) similar measurements after MgO passivation
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Figure 6.22. (Top) Gate lag measurements on unpassivated AlGaN–GaN HEMTs. VG is
switched from –5 V to the value shown on the x-axis;  (Bottom) similar measurements after
MgO passivation

Typical load-pull data for HEMTs before and after Sc2O3 passivation are
shown in Figure 6.23 for a measurement frequency of 4 GHz.  In all cases,
the drain voltage VD was held at 10 V, while the gate voltage VG was –2 V.
The wafer measurements employed mechanical tuners for matching and
there was no harmonic termination under class A operation.  The devices
were matched for the power testing prior to passivation and were tested un-
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der these same conditions after oxide deposition.  Note the increased power
output.  By contrast, the difference in output power before and after SiNx

passivation was <2 dB in all cases.  This is consistent with the higher per-
centage recovery of IDS during the gate-lag measurements with Sc2O3 passi-
vation.  The Sc2O3 passivation has shown excellent aging characteristics
when measured under dc test conditions, with no change in HEMT per-
formance over a period of >5 months.

Figure 6.23. Output power characteristics before and after Sc2O3 passivation of 0.5 × 100
μm2 devices measured at 4 GHz and a bias point of VD = 10 V, VG = –2 V

Three different passivation layers (SiNX, MgO and Sc2O3) were exam-
ined for their effectiveness in mitigating surface-state-induced current col-
lapse in AlGaN–GaN HEMTs.  The plasma-enhanced chemical vapor de-
posited SiNx produced ~70–75% recovery of the drain-source current,
independent of whether SIH4–NH3 or SiD4–ND3 plasma chemistries were
employed.  Both the Sc2O3 and MgO produced essentially complete recov-
ery of the current in GaN-cap HEMT structures and ~80–90% recovery in
AlGaN-cap structures.  The Sc2O3 had superior long-term stability, with no
change in HEMT behavior over 5 months aging.

Two different HEMT structures were used.  The first employed a GaN
undoped cap layer on top of an undoped Al0.2Ga0.8N layer.  Both Al2O3 and
SiC substrates were used.  The doping in this structure is basically due to
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piezo-induced carriers.  The second type of HEMT employed an undoped
Al0.3Ga0.7N cap layer on top of a doped Al0.3Ga0.7N donor layer.  The dop-
ing in this structure is due to the intentional Si doping of the donor layer.
The ohmic (Ti–Al–Pt–Au) and gate (Ni–Au) contacts were deposited by e-
beam evaporation and patterned by lift-off.  Schematics of the completed
device structures are shown in Figure 6.24.

Figure 6.24. Schematic cross-sections of GaN-cap (top) and AlGaN-cap (bottom) HEMT
structures

The 100 Å thickness MgO, Sc2O3 or SiNx layers were deposited on com-
pleted devices (0.25–1.2 μm gate length, 100 μm gate width) using either
MBE for the oxides or PECVD for the SiNx, with deposition temperatures
of 100°C in the oxide case and 250°C for the SiNx case.  The SiNx films
were deposited with either SiH4 + NH3 or SiD4  + ND3 to examine the ef-
fect of deuterated precursors.

The HEMT dc parameters were measured in dc and pulsed mode at
25°C, using a parameter analyzer for the dc measurements and pulse gen-
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erator, dc power supply and oscilloscope for the pulsed measurements.  For
the gate-lag measurements, the gate voltage VG was pulsed from –5 V to 0
V at different frequencies with a 10% duty cycle.

Figure 6.25 (top) shows typical gate lag data for 0.5×100 μm2 GaN-cap
HEMT grown on sapphire substrates.  The decrease in drain–source current
becomes more pronounced at high measurement frequencies.  The degra-
dation in current was less significant when these same structures were
grown on SiC substrates, as shown in Figure 6.25 (bottom).  The defect
density will be lower in the latter case due to the closer lattice match be-
tween GaN and SiC, and this appears to affect the resultant surface state
density.  This suggests that at least some of the surface traps are related to
dislocations threading to the surface.

Figure 6.25. Gate-lag measurements on unpassivated 0.5 μm gate length, GaN-cap HEMTs
grown on either sapphire (bottom) or SiC (top) substrates
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The effects of both substrate type and HEMT gate length on the change
in drain-source current are shown in Figure 6.26.  The shorter the gate
length, the more pronounced the degradation in current because of larger
surface area and higher electric field in the channel between source S and
drain D (the S–D distance was fixed in all cases).

Figure 6.26. Normalized IDS as a function of both gate length and substrate type for GaN-
cap HEMTs at pulse frequencies of 1 kHz and 100 kHz

The gate-lag data is shown in Figure 6.27 (top) for the HEMTs before
and after SiNx passivation.  Note that both the hydrogenated and deuterated
precursor dielectric produces a recovery of 70–75% in the drain–source
current.  This range represents results obtained from five different devices
with each type of dielectric.  The unity current gain frequency fT and
maximum frequency of oscillation fMAX data before and after passivation
are shown at the bottom of Figure 6.27.  Note that there is actually a slight
increase in both parameters.  There were no systematic differences between
the results for hydrogenated and deuterated precursor SiNx, even though the
latter typically produces slightly denser films when deposited under the
same PECVD conditions.
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Figure 6.27. Normalized IDS versus VDS (top) for 1.2×100 μm2, GaN-cap HEMTs before and
after SiNx passivation using either hydrogenated or deuterated precursors.  The panel at
bottom shows the change in small signal rf performance

There was also an increase in forward and reverse gate currents after
passivation with SiNx.  These results are also consistent with a decrease in
surface depletion and decrease in surface trap density and indicate that
there is no major degradation to the dc performance of the HEMTs upon
addition of the SiNx layer.  We believe the increase in gate leakage is not
from the passivation itself, but may originate from degradation of the gate
metallization during the oxide desorption step at 350°C.

Figure 6.28 shows the gate lag data for GaN-cap 0.5×100 μm2 HEMTs.
In the case at the top, VG was pulsed from –5 to 0 V at 0.1 MHz with a 10%
duty cycle and this pulsed data is compared with that from dc measure-
ments.  The bottom of Figure 6.28 shows the normalized IDS for gate volt-
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age switched from –5 V with VDS held constant at 3 V to avoid any self-
heating effects.  This data establishes the baseline for measuring the effec-
tiveness of the MgO and Sc2O3 passivation.  These HEMTs showed an in-
crease in drain–source current of ~20% after deposition of either type of
oxide.  In addition, the forward and reverse gate currents were slightly in-
creased.  These results are similar to those for SiNx deposition.  Once again,
the increased reverse current may be due to gate metal degradation.

Figure 6.28. Gate-lag measurements on unpassivated GaN-cap HEMTs (1.2×100 μm2 gate).
At the top VG was switched from –5 to  0 V, while at bottom it was switched from –5 V to
the value shown on the x-axis

Figure 6.29 shows gate-lag measurement for MgO-passivated HEMTs
immediately after MgO deposition and after 5 months aging without bias
on the devices under room conditions (temperature and humidity).  The IDS

increases ~20% upon passivation, as mentioned earlier, and there is almost
complete mitigation of the degradation in IDS immediately after MgO depo-
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sition.  However, after 5 months aging there is a clear difference between
the dc and pulsed data, indicating that the MgO passivation has lost some
of its effectiveness.  We are currently investigating possible mechanisms
such as oxidation of the GaN surface through pinholes in the MgO, or re-
action between the MgO and GaN.

Figure 6.29. Gate lag measurements before and after MgO passivation and following 5
months aging of 1.2×100 μm2, GaN-cap HEMTs.  At the top VG was switched from –5 to 0
V, while at the bottom it was switched from –5 V to the value shown on the x-axis

Similar data is shown in Figure 6.30 for Sc2O3-passivated HEMTs.  In
this data the IDS also increases upon deposition of the oxide and there is also
essentially complete mitigation of the degradation in drain–source current.
However, the major difference is that there is no significant change in these
characteristics after 5 months aging.  This indicates that Sc2O3 provides
more stable passivation than MgO.  We have noticed in separate experi-
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ments that the MgO–GaN interface deteriorates over time if left uncapped,
i.e. we see increases in interface state trap density in MOS diodes on which
the metal is deposited a long period after the MgO was deposited on the
GaN.  However, if the MgO is immediately covered by the gate metal,
these changes are not observed.  In a real manufacturing process, the MgO-
passivated HEMTs would be covered with a dielectric such as SiNx to pro-
vide mechanical protection and, therefore, MgO should not be disqualified
as a candidate to provide effective passivation of GaN–AlGaN HEMTs.
Obviously, further work is needed to establish the reliability of Sc2O3 and
MgO passivation on these devices, but the preliminary data with Sc2O3

looks very promising.

Figure 6.30. Gate-lag measurements before and after Sc2O3 passivation and following 5
months aging of 1.2×100 μm2, GaN-cap HEMTs.  At the top VG was switched from –5 to 0
V, while at the bottom it was switched from –5 V to the value shown on the x-axis
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Figure 6.31 shows the gate-lag data for the HEMT structures of Figure
6.24 (bottom), i.e. the structures with Al0.3Ga0.7N as the top layer.  As with
the GaN-cap devices, there is a very significant degradation of drain–source
current under pulsed conditions where the surface traps cannot completely
empty.

Figure 6.31. Gate-lag measurements on unpassivated 0.5 μm gate length, AlGaN-cap
HEMTs.  At the top VG was switched from –5 to 0 V, while at the bottom it was switched
from –5 V to the value shown on the x-axis

The effectiveness of the MgO and Sc2O3 passivation was more variable
on the AlGaN-cap devices than for the GaN-capped HEMTs described in
the previous section.  Figure 6.32 shows typical gate-lag data from an
Sc2O3 passivated AlGaN-cap HEMT.  We found that the Sc2O3 deposition
was typically able to restore 80–90% of the drain current loss relative to dc
measurement conditions.  Some devices showed essentially complete resto-
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ration of the current, but the 80–90% range was more typical.  Similar re-
sults were obtained for MgO passivation, as shown in Figure 6.33.  Once
again, some individual HEMTs showed essentially full restoration of IDS

upon MgO deposition, but a more typical result was 80–90% effectiveness.
We believe that our in situ cleaning procedure prior to deposition of these
oxides in the MBE chamber is not able to completely remove the native
oxide from the AlGaN surface.  This limits the effectiveness of the result-
ing passivation and accounts for the more variable results we observe for
the AlGaN-cap devices.

Figure 6.32. Gate-lag measurements before and after Sc2O3 passivation of 0.5×100 μm2,
AlGaN-cap HEMTs.  At the top VG was switched from –5 to 0 V, while at the bottom it was
switched from –5 V to the value shown on the x-axis
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Figure 6.33. Gate-lag measurements before and after Sc2O3 passivation of 0.5×100 μm2,
AlGaN-cap HEMTs.  At the top VG was switched from –5 to 0 V, while at the bottom it was
switched from –5 V to the value shown on the x-axis

MgO and Sc2O3 thin films deposited by MBE appear very promising as
surface passivation layers on AlGaN–GaN HEMTs.  In structures with a
GaN-cap layer they provide more effective mitigation of drain current col-
lapse than the conventional PECVD SiNx films.  The Sc2O3 provides stable
passivation characteristics over a period of at least 5 months, while the
MgO was found to lose some of its effectiveness under the same condi-
tions.  The passivation with both oxides is more variable on AlGaN-cap
structures, which we believe is due to the greater difficulties in removing
the native oxide from the AlGaN surface prior to deposition of the passiva-
tion films.  With respect to SiNx passivation, we found no obvious advan-
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tage to the use of deuterated precursors for the deposition.  Finally, it
showed be noted that both MgO and Sc2O3 can also be used as gate dielec-
trics on GaN to provide MOS diodes and transistors, and thus an MBE
system equipped for their deposition can provide both the gate oxide and
the device passivation in a manufacturing environment.

6.5.2 Radiation-Damage Experiments

MgO–GaN MOS diodes were irradiated with 40 MeV protons at a fluence
of 5 × 109 cm–2, simulating long-term (10 years) exposure in space-borne
applications.  The result of the proton irradiation was a decrease in device
capacitance, consistent with the creation of deep electron traps that reduce
the effective channel doping and also a decrease in breakdown field from
~106 V·cm–1 in control devices to 0.76 × 106 V·cm–1 in devices irradiated
with the gate metal in place.  The capacitance of the device irradiated with
the contacts in place recovers to the same value as the contact diodes.  The
Dit values are decreased by the H2 anneal in both the unirradiated and irra-
diated devices.

Figure 6.34 shows the current density J–voltage (top) and capacitance–
voltage (C–V) characteristics (bottom) from the MgO–GaN devices with
500 Å oxide thickness before and after proton irradiation.  We also
irradiated devices both before and after deposition of their gate contacts in
order to investigate the effect of the presence of the metal over the MgO.
While we could not measure any significant change in reverse breakdown
voltage as a result of the proton irradiation, the VF values were decreased in
both types of device (i.e. those irradiated before or after deposition of the
gate metal).  The Dit values extracted from the C–V characteristics using the
Terman method (which is generally found to underestimate the trap
density) were also essentially unchanged in the devices from which we
could extract accurate date.  Note that the forward breakdown field
decreases from ~106 V·cm–1 in the control samples to ~0.76 × 106 V·cm–1 for
the devices irradiated with contacts in place and for 0.46 × 106 V·cm–1 for
the structures irradiated prior to deposition of the contacts.  This result
indicates that the protons make displacement damage in the MgO, which
degrades its breakdown capabilities.
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Figure 6.34. Current density–voltage (top) and capacitance–voltage characteristics (bottom)
from MgO–GaN MOS devices before and after irradiation

6.6 Metal-Oxide Semiconductor Field Effect Transistors

6.6.1 n-Channel Depletion Mode Gallium Nitride Metal-Oxide
Semiconductor Field Effect Transistor Using Stacked Gate
Dielectric of SiO2–Gd2O3

The nitride layer structure consisted of 2 μm unintentionally doped GaN
and a 700 Å Si-doped GaN channel grown by MOCVD on a c-Al2O3 sub-
strate.  Hall measurement indicated a channel doping level in the low 1018

cm–3.  The wafer was prepared for oxide growth by a 3 min dilute HCl dip,
25 min UV–ozone exposure, and 5 min dilute HF dip.  The Gd2O3 was
grown in a Riber 2300 GSMBE system equipped with a Wavemat MPDR
610 ECR plasma source.  After loading, the wafer was heated to 700°C to
desorb the native oxides, then cooled to the growth temperature of 650°C.
Growth proceeded at 1×10–4 Torr oxygen pressure in the ECR plasma head
at 200 W forward power, with a Gd cell temperature of 1230°C.   X-ray dif-
fraction showed a single-crystalline Gd2O3 structure for the 700 Å film.
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A schematic of the processing sequence and final device structure of the
planar n-channel depletion mode GaN MOSFET is given in Figure
6.35.[78]  Device fabrication began with a wet etch of Gd2O3 to open
source and drain ohmic contact windows using HCl as the etchant and
photoresist AZ-1818 as the mask.  Ti(200 Å)–Al(600 Å)–Au(1000 Å) oh-
mic contacts were deposited by e-beam evaporation.  Oxygen implantation
was used for device isolation.  A similar O+ implantation scheme has previ-
ously been shown to yield sheet resistance in GaN on the order of 1012

Ω/ .  To enhance the gate breakdown voltage, a 300 Å layer of SiO2 was
e-beam evaporated onto the Gd2O3 surface in the photolithographically-
defined gate contact region.  This was followed under vacuum by evapora-
tion of Ti(100 Å)–Au(1000 Å) Schottky contacts to the SiO2 surface.

Figure 6.35. Schematic of stacked-gate GaN MOSFET

When deposited under optimum conditions, Gd2O3 was grown epitaxi-
ally on GaN, as verified by RHEED and XTEM. The interface was quite
smooth despite a somewhat rough nitride surface.  However, there was still
a relatively large difference in lattice spacing between Gd2O3 and GaN,
which contributed to a high number of dislocations in the oxide film.
These dislocations act as current leakage paths and caused the breakdown
voltage of the as-grown Gd2O3 to be rather low.  In order to improve the
breakdown for device fabrication, amorphous SiO2 was deposited on the
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Gd2O3 surface.  The formation of a stacked-gate dielectric of SiO2–Gd2O3

allowed the interfacial properties of Gd2O3–GaN to be maintained, while
reducing leakage by terminating the dislocations in the crystalline oxide.
Figure 6.36 (top) illustrates the significant reduction in gate leakage after
SiO2 deposition.  The breakdown field of the insulator improved from 0.3
to 0.8 MV/cm.  Gate reverse leakage current density was 5×10–6 A/cm2 at a
gate–source bias VGS of –10V and remained below 10 nA at VGS = –70 V
for the 1×200 μm2 device, clearly demonstrating the benefit of the insulated
gate MOS structure.

Figure 6.36. DC output characteristics of 1×200 μm2 gate dimension GaN MOSFET
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Charge modulation from accumulation to depletion was observed.  The
absence of surface inversion is due to the wide band gap and correspond-
ingly low room temperature minority carrier generation rate of GaN, con-
sistent with previous reports on wide bandgap MIS structures.  Drain I–V
characteristics of a 1×200 μm2 gate dimension SiO2–Gd2O3–GaN MOSFET
were measured with an HP4145A and are shown in Figure 6.36 (bottom).
The drain–source breakdown exceeds 80 V.  For these high breakdown de-
vices, charge modulation could be demonstrated for gate voltages from +2
to –5 V.  Other depletion mode devices of identical geometry could be
modulated at an accumulation bias of +7 V, verifying the high quality of
the Gd2O3–GaN interface.  A maximum intrinsic transconductance of 61
mS/mm was measured at VGS=–0.5 V and VDS=20 V.

6.6.2 MgO–p-GaN Enhancement Mode Metal-Oxide
Semiconductor Field Effect Transistors

The sample structure consisted of ~2 μm thickness Mg-doped p-GaN (p
1016 cm–3) grown on c-plane sapphire substrate.  In order to create the n+

source and drain-contact regions for MOSFET fabrication, these samples
were implanted with 27Si+ ions at multiple energy conditions (10 keV,
1.6×1013   cm–2; 30 keV, 3.6×1013 cm–2; 70 keV, 7.2×1013 cm–2; 170 keV,
1.3×1014    cm–2; 340 keV, 2.2×1014 cm–2) at room temperature.  This im-
plant scheme was designed to produce a uniform Si profile to depth of ~0.3
μm.[89]  The samples were encapsulated with 500 nm of SiO2 deposited by
plasma-enhanced CVD and annealed at 1200ºC under a flowing N2 ambi-
ent.  After HF removal of the SiO2, the MgO was deposited by MBE at
100°C on the p-GaN layer as the gate dielectric.  The MgO precursors were
elemental Mg and RF plasma-activated oxygen.  The GaN samples were
cleaned initially with a 3 min chemical etch in HCl/H2O (1:1), H2O rinse,
UV–ozone exposure for 25 min rinse in buffered oxide etch solution (6:1,
NH4F/HF) and rinsed in H2O.  The samples were then loaded into the MBE
system and heated at 650°C to ensure oxide removal.  A standard effusion
cell operating at 380°C was used for evaporation of the Mg, while the O2

source was operated at 300 W forward power (13.56 MHz) and 2.5×10–5

Torr.  The deposited MgO layers were ~80 nm thickness.  Following this
step, the MgO was removed in the source, the drain and the p-epi contact
areas, using H3PO4 etchant and an S-1818 resist mask. The e-beam depos-
ited n-ohmic (Ti–Al–Pt–Au), p-ohmic (Ni–Au) and gate (Pt–Au) metals
were followed by lift-off.  A schematic of the final structure is shown in
Figure 6.37.
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Figure 6.37. Schematic cross-section of the MgO–p-GaN MOSFET

Figure 6.38 shows the typical gate I–V characteristics of the MgO–GaN
MOSFET.  For the oxide thickness of 80 nm, the corresponding oxide
breakdown field was 1.75 MV/cm at a current density of 5 mA/cm2.  The
I–V characteristic is shifted due to the presence of oxide charge.  The gate
contact exhibited good rectification, demonstrating the MgO produces ex-
cellent insulator characteristics and a much larger breakdown than if the Pt–
Au is placed directly on the p-GaN without any MgO.  In that case, the
forward turn-on voltage was <0.7 V and the reverse breakdown voltage was
<1 V.  In addition, the p–n junction between the p-GaN and the n-type
source showed excellent rectifying characteristics (also shown in Figure
6.38), demonstrating that the Si activation efficiency was sufficient to pro-
duce an abrupt junction.  Room-temperature capacitance–voltage charac-
teristics measured at 1 MHz and with a sweep rate of 30 mV/s performed
on companion diodes showed clear modulation from accumulation to de-
pletion.  Using the relation Cox = εoεox A/Tox (where εo is the permittivity in a
vacuum, Cox is the oxide capacitance, A is the cross-sectional area of oxide,
and Tox is the oxide thickness), the dielectric constant of the oxide εox was
calculated to be 9.9, a value which is in agreement with the tabulated value
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for MgO (9.8).  A significant flat band voltage shift was observed, which
indicated the existence of fixed charges in the oxide layer.

Figure 6.38. Transfer characteristics of MgO–p-GaN MOSFET at a drain–source voltage of
3V

The drain–source I–V characteristics from the MOSFET showed the
channel was formed at a gate voltage of >+6 V and the device could be
modulated to +12 V of gate voltage.  There is no indication of negative re-
sistance effects, and thus self-heating does not appear to be a problem un-
der the biasing conditions employed here.  The drain current IDS can be ex-
pressed as [90]

DS n i G T D

W
I C (V V )V

L
μ= − (6.2)

where Ci is the oxide capacitance per unit area, L and W are the channel
length and channel width respectively, μn is the low field mobility, VG is the
gate voltage, VD is the drain voltage, and VT is the threshold voltage. The
transconductance of the MOSFET (i.e. the change in drain current for a
change in gate voltage) is maximized for high electron mobilities, thinner
MgO dielectric layers and larger values of W/L. MEDICITM simulation re-
ported previously indicate that the drain current should be in the milliamp
range for the structure used here, and the lower currents obtained show that
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we need to improve carrier mobility significantly [91] and probably also the
N-doping level obtained in the source–drain regions, which affects the se-
ries resistance.  The maximum drain current was ~0.2 μA at 12 V gate volA at 12 V gate volt-
age and the transconductance was 5.4 μS.mmS.mm–1.  This is comparable to the
first results for e-mode MOSFETs in GaAs, using GdGa2O3 gate oxides.[92]
Clearly, much more work has to be done to increase the channel mobility.
It is easier to activate n-type implants in GaN than p-type implanted
dopants, but in principle it should also be possible to use n-type epi and
create p-type source and drain regions

6.7 Conclusions

Rapid recent progress in the development of gate dielectrics and surface
passivation films for GaN electronic devices has been reported.  This re-
search shows the promise of MOS-HEMTs with appropriate passivation for
applications in low-noise amplifiers with high dynamic range and also in
high-efficiency power amplifiers.
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AES. see Auger electron spectroscopy
AFM. see Atomic force microscopy
AlGaN

Co+-implantation, 295
Cr+-implantation, 295, 298
Mn-implantation, 296, 297

AlGaN–GaN
HEMTs, 214, 218, 314

MIS gate, 316
passivation, 347

MOS diodes, 316
hydrogen gas sensors, 222–226

Aluminum nitride (AlN), 108, 122, 287, 291,
293, 294, 319, 327, 328

amorphous, 328, 329
cap layers, 17
Curie temperature, 287
encapsulant, 17
etch rate, 108
fabrication of, 287

AlMnN, 287
implanted, 291

band-edge emission, 291
band-edge luminescence, 294
Co-implanted, 291
Cr-implanted, 291, 293
Mn-implanted, 291, 294

wide band-gap, 2
Amorphous dielectric. see also Dielectric

gallium gadolinium garnet (GGG), 318,
319

gallium oxide, 318
silicon nitride, 318
SiO2, 317, 318
SiO2–Si3N4–SiO2 (ONO), 318

Annealing, 17–22, 80, 125, 131, 139, 140,
148

Anomalous Hall effect, 266, 267
As-implanted resistance, 36, 39
Atomic force microscopy, 18
Auger electron spectroscopy, 66
Auger recombination, 186, 195
Avalanche breakdown, 179, 187
Avalanche multiplication, 186. see also

Reverse breakdown voltage

Bandgap
Curie temperature, 261
gallium nitride, 181
6H-SiC, 181

Barrier height, 15, 282, 286
Biosensors, 245–247. see also Sensors
BJT (bipolar junction transistors), 61
Bixbyite oxides. see also GaN MOSFET

Gd2O3 growth initiations, 321
full width at half maximum (FWHM),

324, 325
RHEED pattern, 322– 324

BMP (bound magnetic polaron), 264
effect of temperature, 265

Breakdown voltage, 4
for AlGaN–GaN HEMTs, 314
punch-through junction diode, 190
reverse breakdown voltage, 179

6H-SiC, 190
avalanche multiplication, 186
electron–hole pair (EHP), 187
GaN, 190
impact ionization coefficients, 187,

188

361
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CAIBE (chemically assisted ion beam
etching), 101–102. see also Reactive
ion beam etching

Chlorine-based plasmas, 104–116. see also
Dry etching

AlN, 122
etch rates, 104
etch selectivity, 107
GaN, 122
InN, 122
secondary gas additions, 111

H2, 111
N2, 113

Co+-implantation. see also
Cr+-implantation; Mn-implantation

(Ga,Mn)N, 278
AlGaN, 295
AlN, 291, 294

Cr+-implantation. see also
Co+-implantation; Mn-implantation

AlGaN, 295, 298
AlN, 291, 293

Crystalline AlN, 319
Curie temperature, 262, 263, 287

bandgap, 265
BMP, 265
for AlN, 287
Mn concentration, 264, 294, 298

Current collapse, 316
Cyclotron resonance, electron. see Electron

cyclotron resonance

DLTS (deep level transient spectroscopy),
278

Dielectric
amorphous

AlN, 328
gallium gadolinium garnet (GGG), 318,

319
gallium oxide, 318
silicon nitride, 318
SiO2, 317, 318
SiO2–Si3N4–SiO2 (ONO), 318

crystalline
AlN, 319, 327

gate dielectric, 329–349
MgO, 329
Sc2O3, 329

Gd2O3

Mn2O3 (bixbyite) crystal structure,
319

Diodes
Schottky, 141–148

annealing, 148
Cl2–Ar discharges, 141, 142
dry etching, 141
etch damage thermal stability, 144
n-type GaN, 144
p-GaN diodes, 145, 147
vs. p–n junction diodes, 201–203

high breakdown lateral, 204–206
edge termination techniques, 204
junction-barrier-controlled Schottky

(JBS) rectifiers, 204
p-floating field rings, 204
p-guard ring, 204

DMSs (dilute magnetic semiconductors),
263

BMP, 265
Curie temperatures, 266
ferromagnetic second phase, 263
ferromagnetism mechanisms, 263,

265
mean-field theory, 263, 265
spin FETs, 285
superconducting quantum interference

device, 264
transport properties, 281

Doping. see implantation
Dry etching, 15, 97–169. see also Gallium

nitride
damage, 1, 60–86, 89

determination of damage profile,
82–86

effect of etching chemistries on
damage, 66–71

plasma damage, 61–66, 75–80
thermal stability of damage, 71–75,

80–82
device processing, 152–166

field effect transistors, 161–165
heterojunction bipolar transistors,

157–160
Microdisk lasers, 152
ridge waveguide lasers, 153–156
ultraviolet detectors, 166
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etch profile and etched surface
morphology, 122

plasma chemistries, 104–121
chlorine-based plasmas, 104–115
iodine- and bromine-based plasmas,

116–120
methane–hydrogen–argon plasmas,

121
plasma reactors, 97–103

chemically assisted ion beam etching,
101

high-density plasmas, 100
low-energy electron enhanced etching,

103
reactive ion etching, 98–99, 102

plasma-induced damage, 124–148
n-gallium nitride, 126–133
p-gallium nitride, 133–140
p-n junctions, 148–151
Schottky diodes, 141–147

ultraviolet detectors, 166–169. see also
dry etching

AlGaN MSM, 169
AlGaN, 166, 168
GaN p-i-n, 167, 168
metal semiconductor metal (MSMs),

167
nitride-based, 166

e-beam evaporation
gate contacts, 338
ohmic, 338

ECR. see Electron cyclotron resonance
Edge termination design, 195–200. see also

GaN Schottky rectifiers
field plate termination, 195–197

Auger recombination, 195
breakdown voltages, 196, 197
MEDICITM code, 195
Shockley–Read–Hall, 195
SiO2 thickness, 196

junction termination, 198
Edge termination techniques, 204. see also

GaN Schottky rectifiers
junction-barrier-controlled Schottky (JBS)

rectifiers, 204
p-floating field rings, 204
p-guard ring, 204

EHP (electron–hole pair), 187
Electron cyclotron resonance, 16, 100

etch rates, 100, 103
ELOG. see Epitaxial lateral overgrowth
Energy band gap, 41
Enhancement-mode MOSFETs, 313
Epitaxial lateral overgrowth, 155
Etch profile and etched surface morphology,

122–124
Etch rate, 104

dc bias dependence, 105, 106, 117
for AlN, 108
for GaN, 108, 109
for InN, 108, 109, 117, 118
for the binary nitrides, 117
ICP source power dependence, 107
nitride, 120
plasma flux dependence, 107
pressure dependence, 104, 105
substrate temperature dependence, 109
volatility of the etch products dependence,

109
Etch selectivities, 107

for InN
EXAFS (Extended x-ray absorption fine

structure), 264, 267, 281

FC. see Field cooled
FC magnetization, 295
Ferromagnetism, 263–265, 291. see also

Semiconductor spintronics
aluminum nitride-based semiconductors,

87–90, 287–290
electrical and optical properties, 273–281
FC magnetization, 295
ferromagnetic second phase, 269–273
magnetic properties, 261

carrier concentration, 261
mean-field approach, 264

bound magnetic polaron (BMP), 264
FET. see field effect transistor
Field cooled, 270
Field effect transistor, 157, 161–166.

see also Dry etching
GaAs, 316
group III-nitride, 166
heterostructure FETs (HFETs), 161
IG-HFET, 319
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Field effect transistor (cont.)
InAlN channel structures, 161, 162
ISFET, 242
MESFETs, 316
MOSFET, 242, 349–355
Schottky contact, 164
SiC, 316

Field plate termination, 195–197. see also
Edge termination design

Auger recombination, 195
breakdown voltages, 196
MEDICITM code, 195
reverse breakdown voltage, 197
Shockley–Read–Hall, 195
SiO2 thickness, 196

Field gating of transistor structures, 261
Cr-implanted n-AlGaN, 298
hole-induced interactions, 273
transition-metal-implanted, 291

Co-implanted AlN, 291
Forward bias, 201. see also Reverse bias

GaAs MOSFETs
dielectric

gallium gadolinium garnet, 318
Gallium gadolinium garnet, 318
Gallium nitride (GaN), 1–89

amorphous aluminum nitride, 327
bixbyite oxides, 321
MgO–CaO, 327
scandium oxide, 326
SiO2–Gd2O3 dielectric stack, 319

bandgap temperature dependence, 179
based MODFETs, 12
based solid-state sensors, 213–260

chemical, gas, biological, and pressure,
213–260

breakdown voltage
punch through diode, 190, 191

bulk, 179
charged dislocations, 282
critical electric field, 189
design and fabrication of, 178–212
dry etch damage, 60–82

determination of damage profile, 82–85
effect on damage, 66–70
plasma damage in n-gallium nitride,

61–65, 71–74

plasma damage in p-gallium nitride,
75–81

dry etching, 97–177
device processing, 152–169
etch profile and etched surface

morphology, 122–124
plasma chemistries, 104–122
plasma reactors, 97–98
plasma-induced damage, 124–152

ECR etch, 101
edge termination methods, 179
effective density of states, 181
electric field breakdown strength, 178
electrical contacts, 41–51

effects of interfacial oxides on Schottky
contact, 44–48

interfacial insulator model, 49–50
tungsten and tungsten silicide contacts

on p-gallium nitride, 54–59
tungsten-based ohmic contact,

51–53
epi-layer GaN, 179
ferromagnetism, 261
gas sensors, 215
high-power rectifiers, 79–210
implant doping, 16–31

dopant redistribution, 26–30
high-temperature annealing and

aluminum nitride encapsulation,
17–22

n-type implant doping, 22–24
p-type implant doping, 25
residual damage, 31

implant isolation, 32–38
oxygen implantation for selective area

isolation, 34–37
Ti, iron, and chromium implantation,

38–40
insulators, 313–352
intrinsic carrier concentration, 181
ion implantation doping, 88
MOSFET, 317–320, 349

amorphous aluminum nitride, 327
bixbyite oxides, 321
MgO–CaO, 327
scandium oxide, 326
SiO2–Gd2O3 dielectric stack, 319
stacked-gate, 349–351
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on-state resistance, 179
reverse blocking voltages, 178
reverse breakdown voltage, 179

6H-SiC, 190
avalanche multiplication, 186
electron–hole pair (EHP), 187
GaN, 190
impact ionization coefficients, 187,

188
room-temperature ferromagnetism, 273
Schottky rectifiers, 192

bulk diode arrays, 207–210
edge termination design, 195–200
generation and recombination, 186
high breakdown lateral diodes, 204–206
incomplete ionization of impurities, 183
mobility models, 184–185
on-state resistance, 191–194
reverse breakdown voltage, 186
Schottky and p-n junction diodes

comparison, 201
(Ga,Mn)N, 266–269, 285–286. see also

Semiconductor spintronics
anomalous Hall effect, 266, 267
bandgap, 286
barrier height, 286, 282
coercivities, 266
Co-implanted sample, 278
deep level transient spectroscopy (DLTS),

278
defects, 283
dislocation scattering, 285
extended x-ray absorption fine structure

(EXAFS), 264, 267
FC and ZFC magnetization, 272
ferromagnetic second phase, 269–273
hysteresis, 266, 267
I–V characteristics, 282
magnetic properties, 269

Mn concentration, 269, 270, 273, 275
spin-glass-type transition, 273

mean-field theories, 266
Micro Callodo luminescence, 278
optical absorption spectra, 276
optical transmission spectrum, 276
resistivity, 273, 275
room-temperature ferromagnetism, 266,

267

semi-insulating behavior, 276
transition-metal-doped AlGaN, 294

Co+-implanted, 278, 295
Cr+-implanted, 295
polarized light emitters or spin

transistors, 295
vertical electron mobilities, 284, 285

(Ga,Mn)N–GaInN LED
InGaN quantum well, 305

energy relaxation process, 305
magnetic field, 305
spin relaxation, 305
weak spin polarization, 305

Gallium nitride high-power rectifiers,
79–210

design and fabrication of, 178–210
Auger recombination, 186
bulk diode arrays, 207
comparison of Schottky and p-n

junction diodes, 201
edge termination design, 195
effective density of states, 182
field plate termination, 195–197
forward bias, 201
generation and recombination, 186
high breakdown lateral diodes, 204–206
incomplete ionization of impurity

atoms, 183
intrinsic carrier concentration, 182
junction termination, 198
mobility models, 184
on-state resistance, 179, 191–194
reverse bias, 201
Shockley–Read–Hall lifetime, 186
temperature dependence of bandgap,

180
edge termination methods, 179
electric field breakdown strength, 178
reverse blocking voltages, 178
reverse breakdown voltage, 179, 186

6H-SiC, 190
avalanche multiplication, 186
electron–hole pair (EHP), 187
impact ionization coefficients, 187,

188
GaN device processing, 1–96

AlN cap layers, 17
AlN encapsulant, 17
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GaN device processing (cont.)
aluminum nitride encapsulation, 17–22
and AlGaN, 12
based laser diode, 10
based metal semiconductor field reflect

transistor (MESFETs), 13
based MODFETs, 12
contact resistances, 15
dislocation-free, 8
dopant redistribution, 26

secondary ion mass spectroscopy
(SIMS), 26

dry etch damage, 1, 60–86
determination of damage profile, 82–86
effect of etching chemistries on

damage, 66–71
plasma damage, 61–66, 75–80
thermal stability of damage, 71–75,

80–82
electrical contacts, 41

effects of interfacial oxides on Schottky
contact, 44–48

interfacial insulator model, 49–50
thermally stable tungsten-based ohmic

contact, 51–54
tungsten and tungsten silicide, 54

electron transport, 4
Hall mobilities, 9, 10
heteroepitaxial growth, 6
high breakdown fields, 3
high-resistivity gallium nitride

by Ti, iron, and chromium implantation,
38–41

high-temperature annealing, 17–22
ideal contact layer, 10
implant doping

junction FET, 17
planar homojunction LED, 17
ultra-high-temperature activation,

16–32
implant isolation mechanism, 14, 15,

32–33, 38
chemically induced isolation, 33
damage-induced isolation, 33
transmission line method (TLM), 33

ion implantation, 1, 14, 16
lateral epitaxial overgrowth (LEO), 7
LED, 3, 13

microwave rectifiers, 4
MOCVD, 7, 8
modulation-doped FETs (MODFETs),

11
n-type doping, 9
n-type implant doping, 22–25

S+ activation, 23
sheet carrier concentration, 23
Te+ implantation, 25

oxygen implantation for selective area
isolation, 34–37

p-type conductivity, 9
p-type doping, 9, 14
rapid thermal processing (RTP), 17
residual damage, 31–32
Schottky barrier height (SBH), 15
Schottky contacts, 1, 15, 41

effects of interfacial oxides on, 44–48
on p-GaN, 43
surface cleanliness, 43
to n-GaN, 42

sheet carrier concentrations, 26
specific contact resistance, 11
surface cleanliness, 1
wide bandgap, 2, 3, 14
with low defect densities, 8

GaN spin relaxation, 305
GaN–AlGaN transistors

MOS gates, 329
GaN–InGaN LED, 300
Gas sensing, 250. see also Sensors
Gas source MBE, 319
Gate contacts, 338
Gate insulators, 313
Gate-controlled metal-oxide semiconductor

diodes, 329
radiation-damage experiments, 348

capacitance–voltage characteristics,
349

current density–voltage, 349
device capacitance, 348

surface passivation, 334
Gateless AlGaN–GaN HEMT

block copolymers, 219
drain current, 219
polystyrene oxide (PEO), 219
response to block co-polymers, 219–222
source–drain current, 222
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Generation and recombination, 186
Auger recombination, 186
Shockley–read–hall lifetime, 186

GGG. see Gallium gadolinium garnet
Giant magnetic resistant, 240
GMR. see Giant magnetic resistant
Group III nitrides

dry plasma etching, 97
RIE, 99

GSMBE. see Gas source MBE
6H-SiC. see also Reverse breakdown voltage

bandgap, 180
critical electric field, 189
effective density of states, 181
incomplete ionization of impurities, 183
intrinsic carrier concentration, 181

Hall effect, anomalous, 266, 267
HBT. see Hetrojunction bipolar transistors
HEMT. see High electron-mobility

transistors
Heteroepitaxial growth, 6, 87

high-density dislocations, 11
hydride vapor phase epitaxy (HVPE), 7
lateral epitaxial overgrowth (LEO), 7
metalorganic chemical vapor deposition

(MOCVD), 7
molecular beam epitaxy (MBE), 7
substrate selection, 6

Heterojunction bipolar transistors, 16,
157–160. see also Dry etching

and FET, 157
device fabrication, 158
GaN–AlGaN system, 157, 158

fabrication process, 158
Mg doping, 160

GaN–SiC system, 157
MBE, 160
MOCVD-grown material, 160

HFET (Heterostructure FETs), 161
High electron-mobility transistors, 107,

213, 314
AlGaAs–GaAs, 214
AlGaN–GaN, 214, 218, 314

MIS gate, 316
MOS gate, 316
passivation, 347

drain–source current voltage, 226

gas sensor, 223
MOS-gate, 223
pressure sensor, 214
sheet carrier concentration, 214

High-density plasmas etch systems,
100–101. see also Dry etching

ECR plasmas, 100
ICP, 101
magnetron RIE (MRIE), 100
MRIE, 101

HVPE (hydride vapor phase epitaxy), 7
Hydrogen gas sensors, 222–226. see also

MOS
based on metal-oxide semiconductor,

222
MOSFET, 224
time response, 224

Hysteresis loops, 288, 291, 296
(Ga,Mn)N, 266, 271
Co-implanted AlN, 294
Cr-implanted AlN, 291, 293, 294
disorder effects, 291
Mn-implanted AlN, 291, 294

ICP. see Inductively coupled plasma
IG-FET. see Insulated gate heterostructure

FET
IG-HFET

crystalline AlN, 319
III–V nitrides, 86

AlN, GaN, InN, 2
breakdown fields, 3
metalorganic chemical vapor deposition

(MOCVD), 7
Immunosensors

ISFET, 242
MOSFET, 242

Implant doping. see also Galim nitride
junction FET, 17
planar homojunction LED, 17
ultra-high-temperature activation, 16–32

Implant isolation, 14, 15, 32–33
chemically induced isolation, 33
damage-induced isolation, 33
transmission line method (TLM), 33

Implantation
(Ga,Mn)N

Co-implanted sample, 278

Page 376 of 383



368 Index

Implantation (cont.)
AlGaN, 294

Co+-implantation, 295
Cr+-implantation, 295, 298
Mn-implantation, 296, 297

AlN, 291
Co-implanted AlN, 291
Cr-implanted AlN, 291, 293
Mn-implanted AlN, 291, 294

Implanted AlN, 291
band-edge emission, 291
band-edge luminescence, 294
Co-implanted, 291

Inductively coupled plasma, 16, 101
Cl2–H2–CH4–Ar plasmas etch rate,

103
InGaN quantum well

spin relaxation, 305
weak spin polarization, 305

energy relaxation process, 305
magnetic field, 305

InN, 115
high electron-mobility transistors

(HEMTs), 107
wide band-gap, 2

Insulated gate heterostructure FET, 318
Insulators, 313–352

for AlGaN–GaN HEMT, 313–355
for MISFET, 317–320
approach for gallium nitride, 320

amorphous aluminum nitride, 327
bixbyite oxides, 321–325
MgO–CaO, 327
MOS, 317–320
scandium oxide, 326

gate-controlled MOS diodes, 329–333
radiation-damage experiments, 348
surface passivation, 334–347

MOSFET, 349–355
for gallium nitride, 313–355
MgO–p-GaN enhancement mode,

352
stacked-gate GaN MOSFET, 349–351

Inter-device isolation. see Implant isolation
Iodine- and bromine-based plasmas,

116–121
etch rates, 117
rf chuck power, 120

Ion implantation, 16, 87, 287. see also
Doping

inter-device isolation, 14
Ion-assisted plasma etching, 98
ISFET. see Silicon-based ion-sensitive

FET

JBS (Junction-barrier-controlled Schottky),
204

JTE (junction termination extension), 200.
see also Junction termination

equipotential p+ guard rings, 199
SiO2 thickness, 198

Lateral diodes, high breakdown,
204–206. see also GaN Schottky
rectifiers

edge termination techniques, 204
junction-barrier-controlled Schottky (JBS)

rectifiers, 204
p-floating field rings, 204
p-guard ring, 204

Lateral epitaxial overgrowth, 7
LE4. see Low-energy electron-enhanced

etching
Leakage current mechanism, 286
LED. see also GaN device processing

(Ga,Mn)N, 301
(Ga,Mn)N–GaInN LED

InGaN quantum well, 305
GaN–InGaN LED, 300
Mn implantation, 300, 302

GaMnN layers, 300
PL polarization, 302
spin injection efficiency, 301
spin-LED, 300
ternary and quaternary materials, 3
unintentionally doped layer, 301

LEO. see Lateral epitaxial overgrowth
Liquid sensing. see also Sensors

flexural plate wave device, 251
Magnetization, 288, 290

FC, 295
for AlMnN and AlN, 288
ZFC, 295

Cr+-implanted AlGaN, 295
polarized light emitters or spin

transistors, 295
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Magnetron RIE, 100, 101
MBE. see Molecular beam epitaxy
MCL. see Micro Callodo luminescence
Mean-field approach, 268

BMP, 264
Mn concentration, 298
spin–spin coupling, 264

MEM. see Micro-electro-mechanical
MESFETs (metal semiconductor field reflect

transistor), 13
GaAS, 316
SiC, 316

Metal organic MBE, 18
Metal semiconductor metal, 167
Metal–insulator–semiconductor, 285
Metalorganic chemical vapor deposition, 7,

18, 22
grown GaN–AlGaN HBT, 159
p-type conductivity, 9
TEM of, 8

Metal-oxide semiconductor
gate-controlled, 329–349

radiation-damage experiments, 348
surface passivation, 334

hydrogen gas sensors, 222–226
Methane–hydrogen–argon plasmas,

121–122. see also Plasma chemistries
dc bias, 121

MgO passivation, 346, 347. see also
Passivation

gate lag measurements, 343
interface state trap density, 344
SiNx covering, 344

MgO–p-GaN enhancement mode MOSFET,
352

channel mobility, 355
drain–source voltage, 354
gate contact, 353
gate-lag measurement, 342
I–V characteristic, 353
rectifying characteristics, 353
self-heating, 354
transfer characteristics, 354

Micro Callodo luminescence, 278
Microdisk lasers, 152. see also Dry

etching
Micro-electro-mechanical, 236
MIS. see metal–insulator–semiconductor

MISFET, 317–320. see also Insulators
crystalline AlN, 319

Mn-implantation. see also
Co+-implantation; Cr-implantation

AlGaN, 296, 297
AlN, 291, 294

Mobilities, 284, 285
vertical electron, 284, 285
models, 184

analytical mobility model, 184
field-dependent mobility model, 185

MOCVD. see Metalorganic chemical vapor
deposition

MODFETs (modulation-doped FETs), 11,
12

Molecular beam epitaxy, 7
e-beam evaporation, 318

MOMBE. see Metal organic MBE
MOS. see Metal-oxide semiconductor
MOSFET, 349–355

MgO–p-GaN enhancement mode, 352
channel mobility, 355
drain–source voltage, 354
gate contact, 353
gate-lag measurement, 342
I–V characteristic, 353
rectifying characteristics, 353
self-heating, 354
transfer characteristics, 354

stacked-gate GaN MOSFET, 349–351
charge modulation, 352
gate leakage reduction, 351
Gd2O3 wet etch, 349, 350
SiO2 deposition, 350

MRIE. see Magnetron RIE
MSM. see Metal semiconductor metal

n-gallium nitride (n-GaN), 126–133, 144.
see also Plasma-induced damage

annealing, 131
damage depth, 131
electrical quality degradation, 127, 130,

131
electron-mobility in, 9
I–V characteristics, 68
plasma-induced damage, 126–133
rectifying contact diameters, 45
rf chuck power, 129
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n-gallium nitride (n-GaN) (cont.)
Schottky diodes, 141–147
Cl2–Ar and Ar ICP exposure, 67
vertical electron mobilities, 282

Nitride-based spintronics. see
Semiconductor spintronics

n-type implant doping, 22–25

OES. see Optical emission spectroscopy
Ohmic contact, 41, 338

surface cleanliness, 43
to p-GaN, 42, 43

On-state resistance, 179, 191–194
Optical emission spectroscopy, 113
Oxygen implantation, 34. see also

Selective area isolation
sheet resistance, 36

Passivation
for AlGaN-cap devices, 345
GaN-capped HEMTs, 345
MgO passivation, 343

gate lag measurements, 343
interface state trap density, 344
SiNx covering, 344

MgO vs. Sc2O3, 343
Sc2O3 passivation

aging characteristics, 337
drain–source current, 339, 340,

342
gate metal degradation, 342
gate-lag measurements, 339, 340
HEMT structures, 337
output power characteristics, 337

Pauli ferromagnetic, 295
PCB. see Printed circuit board
Peak photoluminescence, 125
PECVD (plasma-enhanced chemical vapor

deposition)
silicon nitride deposition, 318

PEO. see Polystyrene oxide
p-gallium nitride (p-GaN), 46, 54–59,

75–81, 133–140, 145, 147. see also
Plasma-induced damage

annealing, 139, 140
behavior of tungsten and tungsten silicide

contacts on, 54
breakdown voltage, 134, 135

damage depth, 136, 138
etch rate, 136
Fermi level position, 57
plasma-induced damage, 133–140

p-guard ring, 204
PL. see Peak photoluminescence
Plasma chemistries, 104–122. see also Dry

etching
chlorine-based plasmas, 104–116

etch rates, 104
etch selectivity, 107
GaN, AlN and InN, 122
secondary gas additions, 111, 113

iodine- and bromine-based plasmas,
116–121

methane–hydrogen–argon plasmas,
121–122

Plasma damage
in n-GaN, 61–65, 89

effect on damage, 66–70
in p-GaN, 75–80, 89

thermal stability of damage, 80–81
Plasma etching, ion-assisted, 98
Plasma reactors, 97–98. see also Dry etching

chemically assisted ion beam etching,
101–102

high-density plasmas, 100–101
low-energy electron-enhanced etching,

103
reactive ion etching, 98–99, 102–103

Plasma-enhanced chemical vapor deposition,
316

Plasma-induced damage, 124–152. see also
Dry etching

Auger spectra, 125
n-gallium nitride, 126–133

annealing, 131
damage depth, 131
electrical quality degradation, 127, 130,

131
rf chuck power, 129

peak photoluminescence (PL), 125
p-gallium nitride, 133–140

annealing, 139, 140
breakdown voltage, 134, 135
damage depth, 136, 138
etch rate, 136

p-n junctions, 148–151
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post-etch annealing, 125
Schottky diodes, 141–148

annealing, 148
Cl2–Ar discharges, 141, 142
dry etching, 141
etch damage thermal stability, 144
n-GaN, 144
p-GaN diodes, 145, 147
vs. p-n junction diodes, 201–203

surface stoichiometry, 125
Plasmas, chlorine-based, 104–116. see also

Dry etching
AlN, 122
etch rates, 104
etch selectivity, 107
GaN, 122
InN, 122
secondary gas additions, 111

H2, 111
N2, 113

p-n junctions, 148–152, 201–203. see also
Dry etching

dc bias, 149, 150
vs. Schottky diodes, 201–203
reverse leakage current, 149, 150, 151, 152

Polystyrene oxide, 219
Pressure sensor, 231

micro-electro-mechanical (MEM), 236
Printed circuit board, 230
p-type AlGaN

Mn implantation, 296, 297
p-type implant doping, 25–26

QMS (Quadrupole mass spectrometry),
111

Rapid thermal processing, 17
Reactive ion beam etching, 98–99, 101–103.

see also Chemically assisted ion
beam etching

Cl2–Ar plasmas etch rate, 103
removal rates, 102

Rectifiers, gallium high-power
bulk diode arrays, 207–210
design and fabrication of, 178–212
edge termination design, 195–200
electric field breakdown strength, 178
generation and recombination, 186

high breakdown lateral diodes, 204–206
incomplete ionization of impurities,

183
mobility models, 184–185
on-state resistance, 179, 191–194
reverse blocking voltages, 178, 179,

186
Schottky vs. p-n junction diodes, 201

Reverse bias, 201
Reverse breakdown voltage, 179, 186–191

6H-SiC, 190
bandgap, 180
critical electric field, 189
effective density of states, 181
incomplete ionization of impurities,

183
intrinsic carrier concentration, 181

avalanche multiplication, 186
electron–hole pair (EHP), 187
GaN, 190
impact ionization coefficients, 187, 188

rf chuck power, 119, 129
RHEED. see Reflection high-energy electron

diffraction
RHEED pattern, 322, 323, 324
RIBE. see Reactive ion beam etching
Ridge waveguide lasers, 153–157. see also

Dry etching
AlGaN cladding layers, 154
epitaxial lateral overgrowth (ELOG),

155
green InGaN laser diodes, 154
sidewall smoothness, 155
vapor phase epitaxy, 155

RIE. see Reactive ion etch
RMS (root-mean-square), 18
RTP. see Rapid thermal processing

SAW. see Surface acoustic wave
SBH (Schottky barrier height), 15
Sc2O3 passivation, 347

aging characteristics, 337
AlGaN-cap devices, 345
drain–source current, 339, 340, 342
gate metal degradation, 342
gate-lag measurements, 339, 340
HEMT structures, 337
output power characteristics, 337
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Scanning electron microscopy, 18
GaN surfaces, 18

Schottky diodes, 141–148, 201–203.
see also Dry etching

annealing, 148
barrier height, 15
Cl2–Ar discharges, 141, 142
contacts, 1, 15, 41

effects of interfacial oxides on,
44–48

on p-GaN, 43
surface cleanliness, 43
to n-GaN, 42

dry etching, 141
etch damage thermal stability, 144
forward bias, 201
n-GaN diodes, 144
p-GaN diodes, 145, 147
vs. p-n junction diodes, 201–203
reverse bias, 201
Schottky and p-n junction diodes

comparison, 201
forward bias, 201
reverse bias, 201

Schottky rectifiers, GaN, 178, 192
bulk diode arrays, 207–210
edge termination design, 195–200

junction termination, 198–200
generation and recombination, 186

Auger recombination, 186
Shockley–read–hall lifetime, 186

high breakdown lateral diodes,
204–206

edge termination techniques, 204
junction-barrier-controlled Schottky

(JBS) rectifiers, 204
p-floating field rings, 204
p-guard ring, 204

incomplete ionization of impurities,
183

mobility models, 184–185
analytical, 184
field-dependent, 185

on-state resistance, 191–194
reverse breakdown voltage, 186

Secondary ion mass spectroscopy,
26–29. see also GaN device
processing

Secondary ion mass spectroscopy (cont.)
implanted Be+, 30
implanted C+, 29
implanted Mg, 29
implanted S+, 28
implanted Si, 27
implanted Te, 28

Selective area isolation
oxygen implantation, 34–37

SEM. see Scanning electron microscopy
Semiconductor spintronics, 261–307

(Ga,Mn)N, 266–269, 285–286
anomalous Hall effect, 266, 267
bandgap, 286
barrier height, 286, 282
coercivities, 266
dislocation scattering, 285
EXAFS, 267
hysteresis, 266, 267
magnetic properties, 269
mean-field theories, 266
Mn concentration, 269, 270, 273,

275
room-temperature ferromagnetism,

266, 267
vertical electron mobilities, 284,

285
AlN-based ferromagnetic semiconductors,

287–290
Co+-implanted AlGaN, 278, 295
Cr+-implanted AlGaN, 295
defects, 283
DMS, 263–265
electrical and optical properties,

273–280
Co-implanted sample, 278
deep level transient spectroscopy,

278
Micro Callodo luminescence, 278
optical absorption spectra, 276
optical transmission spectrum, 276
resistivity, 273, 275
semi-insulating behavior, 276

FC and ZFC, 272
ferromagnetic second phase, 269–273
ferromagnetism, 263–265, 295

BMP, 264
implanted AlGaN films, 294–298
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implanted aluminum nitride films,
291–293

I–V characteristics, 282
magnetic ordering temperatures, 262

wide bandgap semiconductors, 263
material selection, 262–263
polarized light emitters or spin transistors,

295
potential device applications, 299–306
spin-glass-type transition, 273
spin-polarized transport, 262
transition-metal-doped AlGaN, 294

Co+-implanted AlGaN, 295
transport properties, 281–284

Sensors, 213
based on AlGaN–GaN heterostructures,

219–247
biosensors, 240–244
effect of external strain on conductivity,

230–236
gateless AlGaN–GaN HEMT response

to block co-polymers, 219–222
hydrogen gas sensors, 222–226
hydrogen-induced reversible changes,

226–228
pressure sensor fabrication, 236–238
selective-area substrate removal,

239–240
surface acoustic wave-based biosensors,

245
liquid sensing

flexural plate wave device, 251
surface acoustic wave device

array, 251
biosensors, 245–247
fabrication, 247–249
gas sensing, 250

wireless sensor network, 252
Sheet resistance

annealing temperature dependence,
39

Shockley–Read–Hall, 186
Sidewall striations, 123. see also Dry

etching
Silicon-based ion-sensitive FET, 242
SIMS. see Secondary ion mass spectroscopy
Spin FETs

rectifying contacts on (Ga,Mn)N, 285

Spin LEDs, 300
EL and PL structure, 303
GaMnN layers, 300
spin-polarized carriers, 281

Spin–spin coupling, 264
Spintronics, nitride-based. see

Semiconductor spintronics
SQUID. see Superconducting quantum

interference device
SRH. see Shockley–Read–Hall
Stacked-gate GaN MOSFET. see also

MOSFET
charge modulation, 352
gate leakage reduction, 351
Gd2O3 wet etch, 349, 350
SiO2 deposition, 350

Superconducting quantum interference
device, 264

Surface acoustic wave device, 213. see also
Sensors

array, 251
biosensors, 245–247
fabrication, 247–249
gas sensing, 250

Surface passivation, 334. see also
Gate-controlled metal-oxide
semiconductor diodes

TEM (transmission electron microscopy),
8

TLM (transmission line method), 33
Transition metal doping

Co+-implantation
(Ga,Mn)N, 278
AlGaN, 295

Cr+-implantation
AlGaN, 295, 298
AlN, 291, 293

Mn-implantation
AlGaN, 296, 297
AlN, 291, 294

TRIM (transport-of-ions-in-matter), 35

UID (unintentionally doped layer), 301
Ultraviolet detectors, 166–169. see also Dry

etching
AlGaN MSM, 169
AlGaN, 166, 168
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Ultraviolet detectors (cont.)
GaN p-i-n, 167, 168
metal semiconductor metal (MSMs),

167
nitride-based, 166

VPE (vapor phase epitaxy), 155

Wet chemical etching, 15
Wet etch depth, 86

Wide bandgap materials, 263
GaN, 3, 17, 214
ohmic contact, 42
SiC, 3, 17, 214

Zero field-cooled, 270
ZFC magnetization, 291, 295

Cr+-implanted AlGaN, 295
polarized light emitters or spin transistors,

295
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