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Preface

The GaN materials system has applications in visible and UV light emitting
devices and in high power, high temperature electronics. On the photonics side,
the AlGalnN materials system, consisting of AlGaN/GaN, InAIN/GaN, and
InGaN/GaN heterostructures and the GaN, AIN, and InN binaries, is widely used
in blue/violet/white/UV light emitting diodes for stoplights and full color displays,
blue and green lasers for use in high-density CD-ROM storage and high-resolution
printers. The main applications for GaN-based high power microwave transistors
are in phased array radar systems and wireless communication systems, while the
low noise, radiation hard transistors can be used in high temperature sensors and
spaceflight instrumentation. There have been many recent advances in this field,
concerning sensors and nanostructure synthesis. Functional nanostructures are
attracting much interest for use in sensing, energy harvesting and cell monitoring.
In addition, there is a widespread interest in the use of ZnO in UV light emitters
and flexible electronics. Flexible displays are attractive for portable devices such as
smart phones, laptops, e-books, and wearable devices due to their lightweight, low
power consumption, and being bendable. In defense applications, soldiers can use
flexible display computers on the battlefield for communication and information
access. Thin-film transistors (TFTs) are field effect transistors made by depositing
thin films of amorphous Si, organics, or new inorganics based on ZnO for the
semiconductor active layer. The channel region of a TFT is deposited onto a
substrate such as glass, since the main market is in liquid crystal displays (LCDs).
Since these types of substrates do not allow for high temperature processing, the
TFT active region must be deposited at low temperature. Recently, indium zinc
oxides (IZO) such as 90 wt% In,03—10 wt% ZnO and homogeneous In,O3(ZnO);,
(k =2,3,4,5,6,7,9, 11, 13, and 15) compounds have attracted significant attention
as new candidates for transparent electrodes due to their good conductivity, high
optical transparency, excellent surface smoothness, and low deposition temperature.
One of the major challenges in the development of transparent thin-film transistors
is to control the carrier concentration with high transparency in the active channel.
For active channel materials, oxide semiconductors such as ZnO, (ZnO),(SnO3){_,,
90 wt% In;03—-10 wt% ZnO, In,O3(Zn0),, and InGaZnO, have been reported to
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vi Preface

be as alternatives to «-Si:H in thin-film transistors. Recent results have shown that
InZnO has high electron mobility even for room temperature deposition, allowing
for use of cheap substrates such as glass for fabrication of TFTs with superior
performance to a-Si(H)TFTs.

This book brings together experts in both the GaN and ZnO areas to provide
the most up-to-date information on advances in these fields. The topics begin
with growth of advanced III-Nitride structures, specifically non-polar growth and
high Al content alloys, leading into devices such as green and UV LEDs, HEMT
power devices, and sensors. Advances in nitride nanostructures and understanding
of radiation defects in GaN are covered, followed by reviews of developments in
synthesis and control of ZnO-based films and nanostructures. Finally, the use of
amorphous, transparent conducting oxides for channels in TFTs on novel substrates
is reviewed. The purpose of the book is to provide both a summary of the current
state-of-the-art and directions for future research.

Gainesville, FL, USA S.J. Pearton
December 2011
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Chapter 8

Recent Advances in High-Voltage GaN
MOS-Gated Transistors for Power Electronics
Applications

T. Paul Chow and Z. Li

Abstract The recent progress and present status of the development of high-voltage
lateral power GaN field-effect transistors for power switching applications are
reviewed and discussed. The basic device structures explored and the performance
improvement in blocking voltage and specific on-resistance over the last few years
are presented. The technical challenges and reliability issues that still need to be
addressed are pointed out.

8.1 Introduction

Similar to SiC, GaN has many attractive material properties, such as high break-
down field, good bulk electron mobility, and thermal conductivity, which make it
suitable for high-power switching as well as high-frequency amplifying electronic
applications [1] (see Table 8.1). On the other hand, thin layers of GaN have been suc-
cessfully heteroepitaxially grown, with suitable AIN/GaN buffer layers, on silicon,
sapphire, and SiC substrates. In addition, GaN has demonstrated two-dimensional
electron gas (2DEG) at heterojunction interfaces (AlGaN/GaN, AlInN/GaN) that
has very high electron mobilities (~ 2, 000 cm?/(V s)). Furthermore, the fabrication
processing steps for GaN devices have thermal budgets that are compatible with
state-of-art silicon nanometer CMOS foundries and can exploit these infrastruc-
tures for cost-effective, large-scale GaN power device commercialization and
manufacturing.
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Table 8.1 Semiconductor properties

Material E, Direct/ n; (ecm™3) & In E. Veat A
(eV) Indirect (cm? /(Vs)) (cm? /(Vs)) (107 cm/s) (W/cm—K)

Si 1.1 1 1.5x 10  11.8 1,350 0.3 1.0 1.5

2H-Ga/n 3.39 D 1.9x 10710 9.9 11,0002 3.3* 2.5 1.3
2,000%*

3C-GaN 327 D §x107° 9.9 1,000 1* 25 13

3C-SiC 22 1 6.9 9.6 900 1.2% 2.0 45

4H-SiC 326 1 82x107° 10  720° 2.0 2.0 4.5
650°

6H-SiIC 3.0 I 23x107% 97 370 2.4 2.0 45
50¢

Note: a — mobility along a-axis, c-mobility along c-axis, *Estimated value, **2DEG

A few years ago, discrete RF GaN power HEMTs on silicon substrates as well
as high-voltage discrete power GaN Schottky diodes (600V, 4-8 A) on sapphire
substrates have been commercialized [2—4]. More recently, high-voltage (200,
12 A) GaN power transistors on silicon substrates are becoming commercially
available [5, 6].

In this paper, we will present the recent advances in high-voltage GaN power
transistors. These transistors can function both as discrete power switches or
integrated with other logic or analog device elements to form power ICs.

8.2 Device Structures and Design

Most of the high-voltage GaN power transistors reported are lateral in struc-
ture because the GaN/AlGaN epitaxial layers are grown on insulating or high-
resistivity substrates. The schematic cross-sections of several high-voltage lateral
GaN transistor structures are shown in Fig.8.1a—d. Power GaN transistors are
interesting in that they can either resemble that of lateral silicon power MOSFETSs or
AlGaAs/GaAs Schottky-gate HEMTs. Besides a MOS channel, lateral high-voltage
GaN MOSFETs have a lightly doped drain region to support high-drain voltages
and ion-implanted source/drain regions. By contrast, power AIGaN/GaN HEMTs
have Schottky-gate-controlled heterojunction 2DEG channel, a heterojunction drift
region and alloyed source/drain contacts. In either type of transistors, the surface
electric field must be suppressed so as to maximum the blocking voltage. The
MOS Channel-HEMT (MOSC-HEMT, previously called hybrid MOS-HEMT [7])
combines the best features of the MOSFET and HEMT.
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a b

Source Drain Source Drain

==

Alo‘osGaN

c d
Source Drain Source Drain
I: e — I I o Gate I
e Al, ,GaN al
Alo_osGaN AlolosGaN

Fig. 8.1 Schematic cross-sections of high voltage lateral GaN: (a) MOSFET, (b) HEMT, (c)
MOS-HEMT, and (d) MOS-channel HEMT (MOSC-HEMT)

8.3 Device Design

The REshaping of SUrface Field (RESUREF) principle [8] is employed to maximize
the breakdown voltage (BV) of lateral high-voltage power devices since it can
suppress the surface electric field and force the avalanche process to be initiated
in the bulk junction region. The key design parameter is the space charge per unit
area (Nresurr) (= J Nepi dx) in the drift region. Adoption of an optimum Nrgsurr
leads to inherent lateral and vertical electric field shaping due to non-planar, two-
or three-dimensional depletion action originating from interactions of lateral and
vertical pn or MIS junctions [9-11].

To determine the optimum RESURF charge density (Nrgsurr), we use Gauss’
Law to yield

JExdArExXA=—[pdV/es=—0/es = —qN/es,

where £ is the electric field in the depleted drift region, A the area, Q the total
amount of space charges enclosed, and & the semiconductor permittivity. Since
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Nresure = ORresure/gA ~ £g,/q and §€ ~ 1.5 x 10°V/cm in silicon, the
optimum Nrgsugr is about 10'2/cm?, but, for GaN and SiC, where the avalanche
field is ten times higher, it is 10'*/cm?. Additional features, such as field plates,
are needed to further reduce surface field crowding, either near the gate/source or
drain side of the device. In addition, the RESURF action can be achieved in many
ways (a) space charge can be introduced with in situ epi doping, ion implantation,
or polarization charges, and (b) the substrates can be semiconductors (like Si or
GaN), insulators (like sapphire), or semiconductor on insulator/semiconductor
(SOI) structures (like silicon/oxide/silicon or GaN/AIN/silicon). Here, we are
focusing on lateral GaN power devices on SOI substrates consisting of AIGaN/GaN-
or GaN-active epitaxial layers/AIN, GaN- or AlGaN-insulating buffer layers on
silicon substrates. Interestingly, the space charges in the AlGaN/GaN case arise
from polarization charges and with an aluminum mole fraction of about 22% and
an AlGaN/GaN layer thickness of 20nm; these polarization charges are about
10"3/cm? in concentration [12]. Consequently, such a structure can be called
a “natural” RESURF structure, and, in the case of infinite number of parallel
RESUREF layers, a natural superjunction structure [13]. To illustrate the impact of
balanced space charges in the drift region, we have simulated two structures, one
with uncompensated positive charges at the AIGaN/GaN interface and the other
with balanced positive and negative charges on the two AIGaN interfaces. The
equipotential line profiles, shown in Fig. 8.2, clearly indicate field crowding at the
gate corner in the former but much more uniform electric field in the latter [14].
While employment of the RESURF approach results in minimum drift region
length for a given BV, it also leads to a minimum specific on-resistance (R sp). In
particular, using an one-dimensional pn junction breakdown theory, one deduce a
Ronsp & (BV)*? relationship for unipolar rectifiers or transistors and we almost
always find this relationship to be applicable in vertical discrete devices. By
contrast, lateral RESURF-type unipolar devices have a Ronsp o (BV)", where n is
between 1.1 and 1.5, significantly smaller than that of vertical devices. In addition,

a b
o
S
€ E'
= 2
8 83
5 §°
@ 0
a [a)
o
s}
~ O . ~
0.0 10.0 20.0
Distance (pm) Distance (um)

Fig. 8.2 Simulated equivalent potential line distribution for 1-zone RESURF MOSC-HEMT: (a)
without GaN cap at Vpg of 40 V and (b) with GaN cap at Vpg of 646 V
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for power FET structures, we also need to consider the on-resistance component
(Rch) contributed from the channel region and this resistance is directly related
to the field-effect carrier mobility achievable from a particular FET process. The
relative on-resistance contributions from the channel and drift regions are strongly
dependent on the blocking or BV desired. In 600-V lateral silicon RESURF devices,
the drift region resistance dominates. However, in lateral GaN RESURF devices
of the same blocking voltage, the on-resistances from the MOS channel, relative
to the resistance of the drift region, is becoming increasingly dependent on the
channel length and field-effect mobility. Consequently, the choice of channel region
design and technology in GaN power FETs plays a major role in ultimate device
performance and proper channel scaling is necessary and critical with blocking
voltages below 600 V. To illustrate these considerations, the specific on-resistance
versus blocking voltage for GaN MOSFETs, using the set of device and material
parameters assumed in Table 8.2, is shown in Fig. 8.3 [15]. Also, included for com-
parison is the one-dimensional bulk vertical GaN device performance projection.

For power MOSC-HEMTs, the channel resistance has become so dominant
that scaling it to below submicron dimensions is necessary. We have performed a
systematic channel scaling study and found that scaling the channel length to below
1 wm is needed to achieve specific on-resistance below 10 m§2 —cm? [16], as shown
in Fig. 8.4. It can also be noted that the R, of the conventional HEMTs is less
sensitive to the channel length because of a higher channel mobility, but it is more
difficult to achieve a sufficiently large positive threshold voltage for enhancement
mode operation.

Table 8.2 Device parameters for lateral GaN MOSFETS in calculating the breakdown voltage/on-
resistance tradeoff

Lg(um)  Nycu(em™2)  pcy(em?/(Vs))  Eggs(V/pm)  Pres(cm™?)  pggs(cm?/(Vs))

3 1x 1013 540 100 1x 1083 900
1.0E+02
: GaN Lateral JI
g T-OE+00 % RESURF Limit
S i .
? T 1.0E-02 + .
@ g TUEU=+
T Q
c
o E T
o & 1.0E-04 %
!‘5
(6]
& 1.0E-06 ]
’ 1 GaN on Sapphire
T Lateral RESURF Limit
1.0E-08 L Laaaaiay " PR T W |

1.0E+02 1.0E+03 1.0E+04
Breakdown Voltage (V)

Fig. 8.3 Projections of the performance of GaN devices
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_ MOSC-HEMT (with
GaN Cap Layer)

- -~ MOSC-HEMT(without

GaN Cap Layer)

RPI [23]

HEMT

4 rd
rd

Ron,sp (mQ-cmZ)
S

AN

O T T T T
0 1 2 3 4 5

Channel Length (um)

Fig. 8.4 R, versus MOS channel length from experiments and simulations for HEMT and
MOSC-HEMT without or with GaN cap layer

8.4 Experimental Results

The first high-voltage GaN power transistor is a MOS-HEMT on sapphire, with a
Rongsp of 1.7mQ — cm? and a BV of 1.3kV [17]. Subsequently, there are many
attempts to refine the device structures and process to improve its characteristics.
The main structural variants include insertion of a better dielectric between the
Schottky metal and AlGaN layer, varying Al mole fraction in the AlGaN layer,
and better surface passivation layer. The device parameters optimized are: BV, off-
state leakage current, gate leakage, and frequency-dependent current dispersion.
However, most of the off-state leakage current reported are often excessive (usually,
the BV was measured at | mA/mm) [18]. Recently, the situation has been improved,
and, in one case, accomplished with an in situ grown surface SiN passivation layer
[19]. The highest BV for a GaN HEMT reported is 10.4kV, with a specific on-
resistance of 186 m§2 — cm? [20]. It is interesting to note that all the high-voltage
commercial GaN power transistors so far base on the basic HEMT device structure
approach, though mostly on silicon substrates [5, 6].

While most of the GaN transistors demonstrated utilized a heterojunction channel
and Schottky (sometimes in conjunction with a dielectric) gate (see Table 8.3),
we have focused on developing an enhancement mode MOS channel technology.
Previously, we have successfully optimized the GaN/SiO, interface using a PECVD
oxide followed with a high-temperature (1,000°C) nitrogen annealing. We first
characterize the MOS capacitors and found the extracted interface state densities to
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Fig. 8.5 Output /-V 6.0E-02
characteristics of GaN
MOSC-HEMT with 3-jum 5.0E-02 4 Va=30V, step -5V
channel length and 20-pum =3
RESUREF length Zg 4.0E-02 -
o
5 3.0E-02
(@]
§ 2.0E-02 -
o
1.0E-02 -
0.0E+00

Drain Voltage (V)

be very low and approaching that in Si MOS [21]. Subsequently, we have, using
this GaN MOS process, experimentally demonstrated a record high field-effect
inversion electron mobility of 167 cm?/(V s) in GaN MOSFETSs with ion-implanted
source/drain regions. In addition, since then, we have demonstrated several high-
voltage enhancement-mode GaN lateral power MOS-gated FET structures (MOS-
FETs and MOSC-HEMTs) on sapphire substrates [7, 15,22-25]. These prototype
transistors have specific on-resistances up to more than 50x better than the silicon
counterparts at the same blocking voltage range (600-2.5kV) and off-state leakage
current density more than 100x less than that in conventional HEMTs. The main
advantages of the MOSC-HEMT is the low off-state leakage and low gate leakage
current, often several orders of magnitude less than that of conventional HEMTs.
On the other hand, the poorer channel mobility in the MOS channel requires the
downscaling of the channel length, down to submicron dimensions, to minimize the
dominance of the channel on-resistance [24, 26].

The output /-V characteristics of a 3-um GaN MOSC-HEMT on sapphire
substrate with specific on-resistance of 20 mQ-cm? are shown in Fig. 8.5 [23].
We have recently demonstrated a 0.3-pm channel GaN MOSC-HEMT on silicon
substrate with specific on-resistance of 4 m$2-cm? and a BV over 350 V [24]. Hence,
the on-state performance of the HEMT and MOSC-HEMT is now quite similar.
In addition, we have found that under avalanche conditions, the MOSC-HEMT is
survivable [24] when the drain current is limited but we have not found a report that
a HEMT or MOS-HEMT has survived such an avalanche test.

8.5 Technical Challenges and Reliability

The key technical challenges for GaN power FET development and commercializa-
tion include current collapse, avalanche capabilities, device ruggedness, threshold
voltage control, and long-term reliability.
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Drain current collapse under ac frequencies is a well-known phenomenon and
there are probably many causes. Minimization of surface electric field with field
plates and reduced polarization charges are among the many ways to control it
(see, for example, [24,27]). We would like to point out that our GaN MOS-gated
FETs do not exhibit, while MOSC-HEMTsS do exhibit, the current collapse behavior
commonly seen in AIGaN/GaN HEMTs at room temperature. The temperature
dependence of the current collapse behavior is also quite different, indicating the
complexities of this degradation phenomenon [28]. Many ways have been suggested
to control or increase the threshold voltage control in either MOS-HEMT or MOSC-
HEMT (see, for example, [27]) but more efforts are needed to make it as controllable
as that in state-of-art Si nanometer MOSFETS.

8.6 Summary

We have reviewed the recent advances of high-voltage lateral GaN power FETs.
Its successful commercialization will impact many consumer and industrial power
electronic applications, resulting in significant energy efficiency and conservation
efforts.

Acknowledgement This work was supported by SRC (Task 1961.001) and the NSF ERC on
Smart Lighting (Award #EEC-0812056).
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