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(57) ABSTRACT 

A method for and devices utilizing monolithic integration of 
enhancement-mode and depletion-mode AlGaN/GaN het 
erojunction field-effect transistors (HFETs) is disclosed. 
Source and drain ohmic contacts of HFETs are first defined. 
Gate electrodes of the depletion-mode HFETs are then 
defined. Gate electrodes of the enhancement-mode HFETs 
are then defined using fluoride-based plasma treatment and 
high temperature post-gate annealing of the sample. Device 
isolation is achieved by either mesa etching or fluoride 
based plasma treatment. This method provides a complete 
planar process for GaN-based integrated circuits favored in 
high-density and high-speed applications. 
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MONOLITHIC INTEGRATION OF 
ENHANCEMENT AND DEPLETON-MODE 

ALGANAGAN HFETS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims priority from U.S. Provi 
sional Patent Application 60/740,256 filed on Nov. 29, 2005, 
and also from U.S. Provisional Patent Application 60/748, 
339 filed on Dec. 8, 2005, both of which are hereby 
incorporated by reference. 

BACKGROUND AND SUMMARY OF THE 
INVENTION 

0002 The present application relates to a method for 
monolithic integration of enhancement and depletion-mode 
heterojunction field effect transistors (“HFETs) , and in 
particular, to fabrication of aluminum-gallium nitride/gal 
lium nitride (“AlGaN/GaN) HFETs using such monolithic 
integration. 
0003 Group III-nitride (“III-N”) compound semiconduc 
tors, such as those incorporating AlGaN/GaN. possess the 
advantages of having wide bandgap, high breakdown field, 
and large thermal conductivity, which can bring significant 
benefits to the design of heterostructure field-effect transis 
tors and applications utilizing HFETs. Because of their high 
power handling capabilities, AlGaN/GaN HFETs can be 
used for radio frequency/microwave power amplifiers and 
high power Switches. However, most power amplifiers and 
switches using AlGaN/GaN HFETs feature depletion-mode 
(“D-mode’) HFETs as the building block. Since a D-mode 
HFET is a transistor with a negative value for the threshold 
voltage (V), D-mode HFETs need both a positive and 
negative Voltage bias to be turned on and off. If an enhance 
ment-mode (“E-mode’) HFET could be made available, 
only a positive Voltage Supply would be needed for circuit 
applications, resulting in simplified circuits and reduced 
COStS. 

0004 Furthermore, owing to the wide bandgap of the 
GaN-based semiconductor materials, AlGaN/GaN HFETs 
are capable of high-temperature operation (potentially up to 
600° C.), and are thus suitable for high-temperature inte 
grated circuits such as required in aviation and automotive 
applications. Further, for HFET-based logic circuits, the 
direct-coupled field effect transistor logic (“DCFL) features 
the simplest configuration. In DCFLS, E-mode HFETs are 
used as drivers while D-mode HFETs are used as the load. 

0005) Note that at zero gate bias, a D-mode HFET is 
capable of conducting current, and is called "normally-on' 
whereas for an E-mode HFET, the transistor is not conduct 
ing current, and is called “normally-off. 
0006 FIG. 1 shows an E-mode HFET 10 using a thin 
AlGaN barrier layer 12, an undoped GaN layer 18, and a 
Substrate layer 20, such as can be made from Sapphire, 
silicon, or silicon carbide. With the help of the Schottky 
barrier 14 between the gate metal 16 and the AlGaN barrier, 
the channel between source 22 and drain 24 can be pinched 
off at Zero gate bias as long as the AlGaN barrier is thin 
enough. However, E-mode HFETs fabricated in this manner 
have poor performance characteristics. Such as low 
transconductance, large on-resistance, and high knee-volt 

Oct. 4, 2007 

age. This is due to high access resistance. As shown in FIG. 
1, the access region between the gate and Source also has 
very low carrier density because of the thin AlGaN barrier. 
Thus, the access region is also in the E-mode, which needs 
positive bias to be turned on. To produce E-mode HFETs 
with low access resistance, a “self-aligned fabrication pro 
cess is required, in which only the channel region directly 
under the gate electrode is in E-mode. Note that gates that 
are not self-aligned required overlap, which increases device 
size and stray capacitance. 
0007. There have been several attempts at fabrication of 
E-mode AlGaN/GaN high electron mobility transistors 
(“HEMTs). Note that the terms “HEMT and “HFET are 
synonymous. Both are field effect transistors with a junction 
between two materials with different band gaps, e.g. a 
heterostructure as the channel. The effect of this heterostruc 
ture is to create a very thin layer where the Fermi energy is 
above the conduction band, giving the channel very low 
resistance, e.g., “high electron mobility”. As with all the 
other types of FETs, a voltage applied to the gate alters the 
conductivity of the thin layer. 
0008 Using a thin AlGaN barrier (10 nm), Khan et al. 
produced an E-mode HEMT with a peak transconductance 
of 23 mS/mm. 

0009. Another attempt to fabricate an E-mode HFET in 
an AlGaN/GaN system was reported by Hu et al., “Enhance 
ment mode AlGaN/GaN HFET with selectively grown PN 
junction gate.” April 2000, IEEElectronics Letters, Vol. 36, 
No. 8, pp. 753-754, which is hereby incorporated by refer 
ence in its entirety. In this work a selectively-grown P/N 
junction gate is used. The selectively-grown P-type layer is 
able to raise the potential of the channel and therefore 
deplete the carriers from the channel at Zero gate bias. 
However, Such an approach is not self-aligned and the 
problem of large access resistance persists. 
0010) Another attempt to fabricate an E-mode HFET in 
an AlGaN/GaN system was reported by Moon et al. who 
used inductively coupled plasma reactive ion etching (“ICP 
RIE) to carry out gate recess-etching. See Jeong S. Moon 
et al., “Submicron Enhancement-Mode AlGaN/GaN 
HEMTs,” June 2002, Digest of 60th Device Research Con 
ference, pp. 23-24, which is hereby incorporated by refer 
ence in its entirety. 
0011 Kumar el at. used a similar approach. Note that the 
AlGaN barrier under the gate can be thinned by the recess 
etching and the threshold Voltage is then raised to a positive 
value. However, ICP-RIE can cause serious damage to the 
AlGaN barrier and results in increased gate leakage current. 
To remove ICP-RIE induced damage, the recess-etching 
patterns must be removed and followed by high-temperature 
(about 700° C.) annealing. Thus, the gate patterns have to be 
created again through photo-lithography which cannot be 
accurately aligned with the recess-etching windows previ 
ously generated in the gate recess stage. Therefore, the 
process requires double photolithography, or alignment, and 
is not self-aligned. To ensure that the recess windows are 
fully covered by the gate electrodes, the gate electrodes need 
to be larger than the recess windows, resulting in a larger 
gate size, as mentioned earlier. Another problem associated 
with the ICP-RIE etching is the poor uniformity in the 
etching depth, which is undesirable for integrated circuits 
because it severely affects the uniformity in the threshold 
Voltage. 

Page 77 of 92



US 2007/022841.6 A1 

0012 Another approach used gate metals, e.g. Platinum 
(“Pt”) or Molybdenum (“Mo'), that have larger work func 
tion and have the tendency of reacting with III/V compound 
semiconductors. (Work function refers to the energy 
required to release an electron as it passes through the 
surface of a metal.) For example, a Pt-based buried gate 
technology was previously used in realizing E-mode 
indium-aluminum-arsenide/indium-gallium-arsenide 
HFETs. For AlGaN/GaN HFETs, Endoh et al. created an 
E-mode HFET from a D-mode HFET with a Pt-based gate 
electrode. Through high temperature gate annealing, the gate 
metal front can be made to sink into the AlGaN barrier and 
effectively reduce the barrier thickness and raise the thresh 
old Voltage to a positive value. Such an approach requires a 
D-mode HFET with a threshold voltage already close to zero 
because the sinking depth of the Pt-gate is limited. However, 
for monolithically-integrated E/D-mode HFET circuits, it is 
desirable for the D-mode HFET (which serves as the load) 
to have a more negative threshold Voltage. 
0013 U.S. Patent Application 20030218183 entitled 
“High Power-Low Noise Microwave GaN Heterostructure 
Field Effect transistor” to Miroslav Micovic et al., discloses 
a gate recess technique as one existing process technique to 
fabricate E-mode HFETs. However, in an AlGaN/GaN 
HFET, because of the lack of effective wet etching tech 
niques, the recess etching is carried out by dry etching. For 
example, ICP-RIE is used for the recess etching, as men 
tioned earlier, with the accompanying severe damage and 
defects to the device. 

0014 U.S. Patent Application 2005059.197 entitled 
“Semiconductor Device and Method for Manufacturing the 
Same to Yoshimi Yamashita et al., discloses a technique 
using the approach of using gate metals with larger work 
function for fabricating E-mode HFETs in GaN-based mate 
rial systems. However, no metal has been found to have a 
work function larger than 1 electron volt (eV). As a result, 
in order to fabricate an E-mode HFET using the method of 
Yamashita et al., a sample which already exhibits a threshold 
voltage closer to zero volts is needed. This is not suitable for 
the integration of E-mode and D-mode HEMTs, which are 
both required for DCFL circuits. 
0.015 The gate recess technique has also been used to 
implement monolithic integration of E/D HFETs in AlGaN/ 
GaN heterostructures. As described above, such approach 
requires a two-mask gate process, introducing extra process 
steps and cost as compared to a single-mask gate process. 

0016 To achieve high density and high-uniformity in the 
E/D HEMT integration, the three-dimensional mesas impose 
serious limits to photolithography and interconnects. Thus, 
a planar process is desired, as seen from the Successful 
development of the commercial GaAs MESFET integrated 
circuits. 

0017 Additionally, due to the lack of P-channel AlGaN/ 
GaN HEMTs, a circuit configuration similar to the based on 
CMOS cannot be implemented at present. Using N-channel 
HEMTs, direct-coupled field-effect transistor (“FET) logic 
(DCFL), as shown in FIG. 1A, which features integrated 
enhancement/depletion-mode (“E/D-mode’) HEMTs, offers 
the simplest circuit configuration. 

0018. Because of the heretofore lack of a compatible 
integration process for both D-mode and E-mode AlGaN/ 
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GaN HEMTs. Hussain et al. made a trade-off and used an 
all-D-mode-HEMT technolgoy and buffered FET logic 
(“BFL) configuration to realize an inverter and a 31-stage 
ring oscillator that includes 217 transistors and two negative 
Voltage Supplies. 

0019 Based on low damage Cl-based ICP-RIE technol 
ogy, Microvic et al. applied the technology of two-step gate 
recess etching and used plasma-enhanced chemical vapor 
deposition (“PECVD)-grown silicon nitride as the gate 
metal deposition mask to fabricate the E-mode GaN 
HEMTs, which are integrated with the D-mode GaN HEMT. 
They showed a propagation delay of 127 pS/stage at a drain 
bias voltage of 1.2 V for a 31-stage DCFL ring oscillator 
with the 0.15-um-gate technology. 

Monolithic Integration of Enhancement-Mode and 
Depletion-Mode AlGaN/GaN HFETs 

0020. The present application sets forth devices, circuits, 
and systems with monolithic integration of D-mode and 
E-mode HFETs, as well as methods for building them. In 
one class of embodiments, a patterned plasma treatment is 
used to introduce a fixed charge into the wide-bandgap 
material under the gates of only some devices. In this 
example, D-mode HFETs are defined without plasma treat 
ment to the barrier layer under the gate, and the E-mode 
HFETs are defined with plasma treatment to the barrier layer 
under the gate. 

0021. The disclosed innovations in various embodiments, 
provide one or more of at least the following advantages: 

0022 Allows for monolithic integration of enhance 
ment-mode and depletion-mode AlGaN/GaN HEMTs 
for the implementation of complete circuits in DCFL or 
other logic families. 

0023 Provides a self-aligned approach to fabricating 
E/D-mode AlGaN/GaN HEMTs with low on-resis 
tance, low knee-Voltage, and high extrinsic transcon 
ductance. 

0024 Provides a method to manufacture self-aligned 
E/D-mode HFETs using readily available microelec 
tronic fabrication equipment. 

0025 Provides a method enabling the production of 
reproducible and stable E/D-mode HEMT devices, 
particularly Suitable for high temperature digital circuit 
applications. 

0026. Provides for allowing large supply voltage in 
DCFL circuit to improve the noise margin and to 
shorten gate delay. 

0027 Provides for large input voltage swings to elimi 
nate the need for logic level adjustment between adja 
cent stages in ICs. 

0028 Provides a planar integration for E/D-mode 
HEMTs without any mesa etching or gate recess etch 
ing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0029. The disclosed innovations will be described with 
reference to the accompanying drawings, which show 
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important sample embodiments of the present innovations 
and which are incorporated in the specification hereof by 
reference, wherein: 
0030 FIG. 1 shows a prior art E-mode HFET. 
0031 FIG. 1A shows a DCFL circuit schematic for an 
E/D inverter. 

0032 FIG. 1B shows a DCFL circuit for a ring oscillator. 
0033 FIG.1C shows a photomicrograph of an inverter as 
one embodiment of the present innovations. 
0034 FIG. 1D shows a photomicrograph of a ring oscil 
lator as one embodiment of the present innovations. 
0035 FIG. 2 shows transfer characteristics of a conven 
tional D-mode HEMT, an E-mode HEMT without the ben 
efit of the present innovations, and one embodiment of the 
present innovations. 
0036 FIGS. 3A through 3F show one embodiment of a 
process of fabricating an E-mode AlGaN/GaN HFET. 
0037 FIG. 4A shows I-V output characteristics for one 
embodiment of an E-mode AlGaN/GaN HFET. 

0038 FIG. 4B shows I-V characteristics for one 
embodiment of an E-mode AlGaN/GaN HFET. 

0.039 FIG. 5 shows fluorine ion concentration profiles as 
measured by “SIMS for one embodiment of an E-mode 
A1GaNFGaN HFET. 

0040 FIG. 6 shows the cross section of one embodiment 
of the present innovations prior to implantation of fluorine 
ions. 

0041 FIG. 7 shows fluorine ion concentration profiles as 
measured by “SIMS for various embodiments. 
0042 FIGS. 7A and 7B show fluorine ion concentration 
profiles as measured by “SIMS for various embodiments. 

0043) FIG. 8A shows the I. versus V transfer charac 
teristics of E-mode AlGaN/GaN HFETs after different CF 
plasma-treatment conditions. 

0044) FIG. 8B shows the g, versus V transfer charac 
teristics of E-mode AlGaN/GaN HFETs after different CF 
plasma-treatment conditions. 
004.5 FIG. 9 shows the extracted barrier heights and 
ideality factors of gate Schottky diodes with different CF 
plasma treatments. 
0046 FIG. 10 shows the V, dependence on plasma 
power and treatment time for various E-mode AlGaN/GaN 
HFETS. 

0047 FIG. 11 shows an AFM image depicting the insig 
nificant etching effect of the CF plasma treatment on the 
AlGaN layer. 

0048 FIG. 12A shows the DC I versus V transfer 
characteristics for various E-mode AlGaN/GaN HFET 
embodiments. 

0049 FIG. 12B shows the DC g, versus V transfer 
characteristics for various E-mode AlGaN/GaN HFET 
embodiments. 

0050 FIG. 13 shows the DC output characteristics for 
one E-mode AlGaN/GaN HFET embodiment. 
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0051 FIG. 14A shows both reverse and forward gate 
currents with different CF plasma treatments for various 
embodiments of an E-mode AlGaN/GaN HFET. 

0052 FIG. 14B shows enlarged and forward gate cur 
rents with different CF plasma treatments for various 
embodiments of an E-mode AlGaN/GaN HFET. 

0053 FIG. 15 shows dependencies off and f, on gate 
bias, where V is fixed at 12V. 
0054 FIG. 16 shows on-wafer measured f and f with 
different CF plasma treatments. 
0.055 FIGS. 17A through 17F show a sample process of 
fabricating an E-mode SiN. AlGaN/GaN MISHFET. 
0056 FIG. 18 shows sample DC output characteristics. 
0057 FIG. 19A shows the transfer characteristics. 
0.058 FIG. 19B shows gate leakage currents. 
0059 FIG. 20 shows pulse measurements. 
0060 FIG. 21 shows small signal RF characteristics. 
0061 FIG. 22 shows simulated conduction-band dia 
grams of conventional D-mode AlGaN/GaN HEMT without 
CF plasma treatment. 

0062 FIG. 23 shows simulated conduction-band dia 
grams of an E-mode AlGaN/GaN HEMT with a CF plasma 
treatment. 

0063 FIG. 24 shows the electron concentration of a 
conventional D-mode AlGaN/GaN HEMT without CF 
plasma treatment and of an E-mode AlGaN/GaN HEMT 
with CF plasma treatment. 
0064 FIG. 25 shows one embodiment for a process flow 
of monolithic integration of E-mode and D-mode HEMTs 
for an inverter according to the present innovations. 
0065 FIGS. 26A through 26F show a sample process 
flow for monolithic integration of E-mode and D-mode 
HFETS. 

0066 FIG. 27 shows a planar process flow for monolithic 
integration. 

0067 FIG. 28 shows another sample process flow for 
E/D-mode HEMTs. 

0068 FIG. 29 shows DC output characteristics of an 
D-HEMT and an E-HEMT fabricated by a planar process. 

0069 FIG. 30 compares transfer characteristics of the 
planar process with those of a conventional process. 

0070 FIG. 31 shows static voltage transfer characteris 
tics of an E/D HEMT inverter fabricated by a planar 
fabrication process. 

0071 FIG. 32 show an epitaxial structure for the HEMTs 
used in a sample embodiment. 
0072 FIG. 33 show the integrated process flow of mono 
lithic integration of E-mode and D-mode HEMTs for a 
monolithic inverter. 

0073 FIG. 34 show sample geometry parameters for 
inverters and ring oscillators. 
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0074 FIG. 35 show DC I-V transfer characteristics and 
output characteristics of sample D-mode and E-mode 
AlGaN/GaN HEMTs as disclosed. 

0075 FIG. 36 shows performances of fabricated E- and 
D-mode AlGaN/GaN HEMTs. 

0076) FIG. 37 show I-V characteristics of both D- and 
E-mode HEMTs and simulated conduction-edge band dia 
grams under the gate electrode for a D-mode HEMT and an 
E-mode HEMT. 

0.077 FIG. 38 shows static voltage transfer characteris 
tics for a conventional E/D HEMT inverter. 

0078 FIG. 39 shows static voltage transfer characteris 
tics of E/D HEMT inverters with B=6.7, 10, 25, and 50 
according to various disclosed embodiments. 
0079 FIG. 40 shows noise margins for inverters with 
different beta values. 

0080 FIG. 41 shows static voltage transfer characteris 
tics of E/D HEMT inverters with B=10 measured at different 
Supply Voltages. 

0081 FIG. 42 show noise margins measured at different 
V’s for an inverter with B=10. 
0082 FIG. 43 shows load and input current of an inverter 
with B=10 at V=2.5 V, according to a sample embodi 
ment. 

0083 FIG. 44 shows a frequency spectrum, and FIG. 45 
shows time-domain characteristics, of a 17-stage ring oscil 
lator with B=10 biased at V=3.5 V. 
0084 FIG. 46 shows dependences of propagation delay 
and power-delay product on the Supply Voltage for one 
circuit embodiment. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0085. The numerous innovative teachings of the present 
application will be described with particular reference to the 
presently preferred embodiment (by way of example, and 
not of limitation). 
0.086 FIGS. 3A through 3F illustrate the process of 
fabricating an enhancement-mode III-nitride HFET accord 
ing to a first embodiment of the present innovations. FIG. 3A 
illustrates a preferred epitaxial structure of the present 
innovations, where the reference numerals 110, 120, 130 and 
140 denote substrate (e.g. Sapphire, silicon or SiC), nucle 
ation layer (low temperature grown GaN nucleation layer, 
AlGaN or AIN), high temperature-grown GaN buffer layer, 
and AlGaN barrier layer including the modulation doped 
carrier Supply layer. The manufacturing method of enhance 
ment mode III-nitride HFET of one embodiment is 
described below. The mesa isolation is formed using Cl/He 
plasma dry etching followed by the source/drain ohmic 
contact formation 160 with Ti, Al, Ni and Au annealed at 850 
C. for 45 seconds as shown in FIG. 3B. Next, photoresist 

170 is patterned with the gate windows exposed. Then, the 
fluorine ions are incorporated into AlGaN barrier layer 
by, for examples, either fluorine plasma treatment or fluorine 
ions implantation as shown in FIG. 3C. The gate electrode 
180 is formed on the barrier layer 140 by depositing and 
lift-off Ni and Au as shown in FIG. 3D. Thereafter, post-gate 
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RTA is conducted at 400-450° C. for 10 minutes. A passi 
vation layer 190 is grown on the top of the wafer as shown 
in FIG.3E. Finally, the contact pads are opened by removing 
portions of the passivation layer on the contact pads as 
shown in FIG. 3F. 

EXAMPLE 1. 

0087 An AlGaN/GaN HEMT structure was grown on a 
(0001) sapphire substrate in an Aixtron AIX 2000 HT 
metal-organic chemical vapor deposition (MOCVD) system. 
The HEMT structure consists of a low-temperature GaN 
nucleation layer, a 2.5-m-thick unintentionally doped GaN 
buffer layer and an AlGaN barrier layer with nominal 30% 
Al composition. The barrier layer consists of a 3-nm 
undoped spacer, a 15-nm carrier supplier layer doped at 
2.5x10 cm, and a 2-nm undoped cap layer. Room tem 
perature Hall measurements of the structure yield an elec 
tron sheet density of 1.3x10" cm and an electron mobility 
of 1000 cm/Vs. The device mesa was formed using Cl/He 
plasma dry etching in an STS ICP-RIE system followed by 
the source? drain ohmic contact formation with Ti/Al/Ni/Au 
annealed at 850° C. for 45 seconds. The ohmic contact 
resistance was typically measured to be 0.8 ohm-mm. 
0088. After gate windows with 1 nm length were opened 
by contact photolithography, the sample was treated by CF 
plasma in an RIE system at an RF plasma power of 150 W 
for 150 seconds. Pressure of the treatment is typically 50 
mTorr. The typical depth distribution profile of the fluorine 
ions thus incorporated via the treatment is Gaussian, and the 
typical depth when the fluorine concentration drops from the 
peak by one order of magnitude is 20 nm. Note that ion 
implantation is another method for incorporating the fluorine 
ions, and it is estimated that an energy of about 10 KeV 
would be required. 

0089 Ni/Au electron-beam evaporation and liftoff were 
carried out Subsequently to form the gate electrodes. The 
plasma treated gate region and the gate electrode were 
self-aligned. Post-gate RTA was conducted at 400° C. for 10 
minutes. This RTA temperature was chosen because RTA at 
temperatures higher than 500° C. can degrade both the gate 
Schottky contract and the source/drain ohmic contacts. The 
devices have a source-gate spacing of L=1 Lum and a 
gate-drain spacing of La=2 um. D-mode HEMTs were also 
fabricated on the same sample without plasma treatment to 
the gate regions. 

0090 FIG. 2 shows the transfer characteristics of both 
D-mode and E-mode (before and after post-gate annealing) 
AlGaN/GaN HEMTs. Defining V, as the gate bias intercept 
of the linear extrapolation of drain current at the point of 
peak transconductance (g), the V of the E-mode device 
was determined to be 0.9 V, while the V of the D-mode 
device is -4.0 V. More than 4V of V shift was achieved by 
the plasma treatment. At V=0, the transconductance 
reaches Zero, indicating a true E-mode operation. The drain 
current is well pinched-off and shows a leakage of 28 
LA/mm at V=6V, the smallest value reported up to date for 
E-mode AlGaN/GaN HEMTs. The peak g is 151 mS/mm 
for the D-mode HEMT and 148 mS/mm for the E-mode 
HEMT, respectively. The maximum drain current (I) 
reaches 313 mA/mm at the gate bias (V) of 3 V for the 
E-mode HEMT. Comparison of the current-voltage (I-V) 
characteristics of E-mode device before and after RTA 
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suggests that RTA at 400° C. for 10 minutes plays an 
important role in recovering the damages induced during the 
plasma treatment and achieving high current density and 
transconductance. FIG. 4A shows the output curves of the 
E-mode device before and after the RTA process. No change 
in threshold voltage was observed after the RTA. At a V of 
2.5 V, the saturation drain current (247 mA/mm) of E-mode 
device after RTA at 400° C. is 85% higher than that (133 
mA/mm) before RTA, and the knee voltage of the E-mode 
device with RTA is 2.2 V, where the drain current is 95% 
saturation drain current. The off-state drain breakdown volt 
age at V=0V is larger than 80 V. showing no degradation 
compared to that observed in the D-mode HEMTs. FIG. 4B 
shows I/V curves of these three devices. Lower gate 
leakage currents were achieved for E-mode HEMT, espe 
cially after RTA. 
0091. In order to investigate the mechanisms of the V 
shift by CF plasma treatment, secondary ion mass spectrum 
(SIMS) measurements were carried out on accompanying 
samples to monitor the atomic composition changes of the 
CF, plasma treated AlGaN/GaN materials. In addition to Al, 
Ga, and N. significant amount of fluorine atoms were 
detected in the plasma treated sample. FIG. 5 shows the 
fluorine atom concentration profile of the sample treated at 
a CF plasma power of 150 W for 2.5 minutes. The con 
centration of fluorine atoms is the highest near the AlGaN 
Surface and drops by one order of magnitude in the channel. 
It can be deduced that the fluorine ions produced by the CF 
plasma were incorporated into the sample surface, similar to 
the effects of plasma immersion ion implantation (“PIII), a 
technique developed to realize ultra-shallow junctions in 
advanced silicon technology. Because of the strong electro 
negativity of the fluorine ions, the incorporated fluorine ions 
can provide immobile negative charges in the AlGaN barrier 
and effectively deplete the electrons in the channel. With 
enough fluorine ions incorporated in the A1GaN barrier, the 
D-mode HEMT can be converted to an E-mode HEMT. The 
CF plasma treatment can result in a threshold voltage shift 
as large as 4.9 V. After RTA at 400° C. for 10 minutes, the 
peak fluorine atom concentration near the AlGaN surface is 
unchanged while that around the A1GaN/GaN interface 
experiences more significant reduction. It should be noted, 
however, SIMS measurement results from different runs do 
not offer accurate quantitative comparison because of the 
lack of reference criterion. Nevertheless, the minute change 
in V, before and after RTA indicates that the total number 
of fluorine ions incorporated into the AlGaN barrier is near 
constant before and after RTA, while the plasma damages 
are significantly recovered by the RTA. The lower gate 
reverse leakage currents of an E-mode HEMT can be 
attributed to an upward band bending of the A1GaN layer as 
a result of fluorine ion incorporation. After the RTA process, 
the defects at the interface of metal and AlGaN induced by 
CF were recovered, leading to further Suppression of gate 
leakage current. From the atomic force microscopy 
(AFM) measurement conducted on a patterned sample, it 
was observed that the plasma treatment only results in a 0.8 
nm reduction in the overall AlGaN barrier layer (20 nm 
thick). 
0092 On-wafer small-signal RF characteristics of 
D-mode and E-mode AlGaN/GaN HEMTs were measured 
from 0.1 to 39.1 GHz. The current gain and maximum stable 
gain/maximum available gain (MSG/MAG) of both types of 
devices with 1 um-long gate were derived from measured 
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S-parameters as a function of frequency, as shown in FIG. 5. 
At Va=12 and V=1.9 V, a current gain cutoff frequency 
(fr) of 10.1 GHz, and a power gain cutoff frequency (fMA) 
of 34.3 GHZ were obtained for the E-mode AlGaN/GaN 
HEMT, a little lower than that of its D-mode counterpart, 
whose and were measured at the drain bias of 12V and gate 
bias of -3 V to be 13.1 and 37.1 GHz, respectively. 
0093. One advantage of the present innovations is that the 
E-mode HFET with fluorine ions incorporated in barrier 
layer can stand a larger gate bias (>3V) corresponding to a 
larger input voltage Swing. 
0094. Also, thermal reliability testing has shown that the 
fluorine ion incorporation in the AlGaN barrier is stable up 
to 700° C. However, the Schottky contact, made of nickel, 
is only stable up to 500° C. Therefore, the application 
temperature range is up to 500° C. unless another Schottky 
contact technique is used. Tungsten gate is one possible 
candidate. 

0.095. In FIG. 7, the effect of different post-gate RTA's on 
the fluorine atoms distributions in AlGaN/GaN heterostruc 
tures, as measured by SIMS is shown. The untreated device 
is used as a reference. 

0096. It was found that the fluorine ions, which were 
incorporated into the AlGaN barrier layer by CF plasma 
treatment, could effectively shift the threshold voltage posi 
tively. The fluorine ions incorporation in the A1GaN layer 
was confirmed by secondary-ion-mass-spectrum (SIMS) 
measurements, as shown in FIG. 7. During CF plasma 
treatment, fluorine ions are implanted into AlGaN/GaN 
heterostructure in a self-built electrical field stimulated by 
the RF power. 
0097. It is also concluded from the results shown in FIG. 
7 that the implanted fluorine ions have a good thermal 
stability in the AlGaN layer up to 700° C. Deep-level 
transient spectroscopy (“DLTS) has been conducted on the 
HEMT samples treated by CF plasma. The fluorine ions 
incorporated in the A1GaN barrier appear to introduce a 
deep-level state that is at least 1.8 eV below the conduction 
band minimum. As a result, the fluorine ions are believed to 
introduce a negatively charged acceptor-like deep level in 
the A1GaN. 

0098 Recent DLTS and photo-conductivity results have 
revealed that the incorporation of fluorine ions in the AlGaN 
layer is predominantly substitutional, with the fluorine 
atoms filling nitrogen vacancies in the A1GaN layer. 
0099) Note that in SIMS plots such as FIG. 7, it is difficult 
to make accurate calculation of concentration from SIMS 
measurement because the beam size is not known. However, 
based on the bandstructure and threshold voltage calcula 
tion, the peak value of the F concentration can be as high as 
about 1x20 cm. 

0100. In FIG. 7A, the effect of different plasma power 
levels without RTA on the fluorine atoms distributions in 
AlGaN/GaN heterostructures, as measured by SIMS, is 
shown. 

0101. Note that the 200 W and 400 W lines show a 
“bump' at the interface between the AlGaN/GaN interface. 
During an incorporation process, the fluorine ions can fill up 
Surface or interface States (or “traps') producing “anomalous 
stopping. Therefore, this indicates there are more traps at 
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the interface. Further, the 600 W and 800 W lines do not 
show the bump most likely because of the greater penetra 
tion depth and overall concentration. 
0102) The untreated device is used as a reference. In FIG. 
7B, the effect of different post-gate treatment temperatures at 
a fixed power of 600 W for RTA on the fluorine atoms 
distributions in AlGaN/GaN heterostructures, as measured 
by SIMS, is shown. The untreated device is used as a 
reference. Note that the distributions in the AlGaN for 700° 
C. and below show a normal effect of root Dt, but the 
distribution in the AlGaN layer seems to reflect a very 
different diffusivity (or perhaps some other activation energy 
effect). Thus, the data indicates that fluorine ions are more 
stable in AlGaN than in GaN. Further, the binding energy 
can be higher, and the fluorine-related energy states are 
deeper below the conduction band in AlGaN than in GaN. 
0103) Sensitivity to plasma treatment parameters was 
also investigated. Devices were fabricated with different V 
values by applying different CF plasma power and treat 
ment times. Five different combinations were used: 100 W 
for 60 seconds, 150 W for 20 seconds, 150 W for 60 seconds, 
150 W for 150 seconds, and 200 W for 60 seconds. For 
comparison, an HEMT without CF treatment was also 
fabricated on the same sample and in the same processing 
run. All the devices were unpassivated in order to avoid any 
confusion caused by the passivation layer, which may 
change the stress in the AlGaN layer and alter the piezo 
electric polarization. All the HEMT devices have a gate 
length of 1 Lim, a source-gate spacing of L=1 Lum and a 
gate-drain spacing of L=2 um. DC current-voltage (I-V) 
characteristics of the fabricated devices were measured 
using an HP4156A parameter analyzer. Transfer character 
istics and transconductance (g) characteristics are shown in 
FIGS. 8A and 8B, respectively. Taking the conventional 
HEMT (i.e., without CF plasma treatment) as the baseline 
devices, the threshold voltage of all the other CF plasma 
treated HEMTs are shifted to the positive direction. Defining 
V, as the gate-bias intercept of the linear extrapolation of 
the drain-current at the point of peak transconductance (g). 
the V of all the devices were extracted and listed in FIG. 
9. For the conventional HEMT, V, is -4 V. For the HEMT 
treated by CF plasma at 150 W for 150 seconds, the V is 
0.9 V, which corresponds to the E-mode HEMT. A maximum 
V shift of 4.9 V was achieved. In order to further reveal the 
effects of CF plasma treatment, the dependencies of V, on 
both CF plasma treatment time and RF power are plotted in 
FIG. 10. As the plasma power is increased and as longer 
treatment time are utilized, larger shifts in V are effected. 
With the increase in the plasma treatment time, more fluo 
rine ions were implated into A1GaN layer. The increased 
fluorine ion concentration leads to a reduced electron density 
in the channel, and causes the positive shift of V. When the 
plasma power increases, fluorine ions obtain a higher energy 
and fluorine ion flux increases due to the enhanced ioniza 
tion rate of CF. With higher energy, fluorine ions can reach 
at a deeper depth closer to the channel. The closer the 
fluorine ions are to the channel, the more effective they at 
depleting 2DEG, and a larger shaft in V is achieved. The 
increased fluorine ions flux has the same effect on V, as the 
increase of the plasma treatment time by raising the fluorine 
atoms concentration in AlGaN layer. It should be noted that 
the nearly linear V. Versus time and V versus power 
relationships imply the possibilities of a precise control of 
V of AlGaN/GaN HEMTs. Although the V, is shifted by 
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CF plasma treatment, the g is not degraded. As shown in 
FIG. 8B, all the devices maximum g, are in the range of 
149-166 mS/mm, except for that treated at 150 W for 60 
seconds, which has a higher peak g, of 186 mS/mm. It is 
Suspected that this singularity point was caused by the 
non-uniformity in epitaxial growth. Confirmed by an AFM 
measurement conducted on a CF-treated patterned sample 
(with part of the sample treated and other parts protected 
from the plasma treatment), the CF plasma treatment only 
results in an AlGaN-thickness reduction of less than 1 um, 
as shown in FIG. 11. Thus, the almost constant transcon 
ductance indicates that the 2DEG mobility in the channel is 
maintained in the device fabrication according to the present 
innovations. A key step in maintaining the transconductance 
is the post-gate annealing process. 

Recovery of Plasma-Induced Damages by 
Post-Gate Annealing 

0104. As previously discussed, the plasma normally 
induces damages and creates defects in semiconductor mate 
rials, and consequently degrades carriers’ mobility. RTA is 
an effective method to repair these damages and recover the 
mobility. In the CF plasma-treated AlGaN/GaN HEMTs, 
drain-current and transconductance degradation occurs just 
after the plasma treatment. In FIGS. 12A and 12B, the 
drain-current and transconductance measured on an 
untreated device and a treated device (200 W. 60 seconds) 
before and after RTA (400° C. for 10 minutes) are plotted. 
FIG. 13 compares the output characteristics of the treated 
device before and after RTA. The drain-current was 76% and 
the transconductance was 51% higher after the RTA in the 
treated device. The RTA process can recover majority of the 
mobility degradation in the plasma-treated device while 
showing an insignificant effect on the conventional untreated 
device. Therefore, the recovery of I and g, in the CF 
plasma-treated device is the result of the effective recovery 
of the 2DEG mobility at this RTA condition. Compared to a 
higher annealing temperature of 700° C., which is needed to 
recover damages induced by chlorine-based ICP-RIE in the 
case of recessed gate, this lower RTA temperature implies 
that the CF plasma treatment creates lower damages than 
the chlorine-based ICP-RIE. It also enables the RTA process 
to be carried out after the gate deposition, fulfilling the goal 
of a self-aligned process. If the previous definition of V is 
used, the V of the CF plasma-treated device seems to be 
shifted from 0.03 to -0.29 V after the RTA. When the start 
point of g, as shown in FIG. 12B, or the start point of I at 
the logarithm scale, as shown in the inset of FIG. 12A, is 
used as the criteria to evaluate V, the V of the CF 
plasma-treated device is not changed after the RTA. The 
good thermal stability of V is consistent with the previ 
ously mentioned good thermal stability of fluorine atoms in 
AlGaN layer. 

Suppression of Schottky Gate-Leakage Current 

0105 AlGaN/GaN HEMTs always show much higher 
reverse gate leakage currents than the values theoretically 
predicted by the thermionic-emission (“TE) model. The 
higher gate currents degrade the device's noise performance 
and raise the standby power consumption. In particular, 
forward gate currents limit the gate input Voltage Swing, 
hence the maximum drain-current. Other approaches have 
been attempted to suppress gate currents of AlGaN/GaN 
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HEMTs. These efforts include using the gate metal with 
higher work function, using copper, modifying the HEMTs 
structure (such as adding a GaN cap), or diversion to 
metal-insulator-semiconductor heterostructure field-effect 
transistors (MISHFETs). In the CF plasma-treated AlGaN/ 
GaN HEMTs of the present innovations, suppressions of 
gate currents in both reverse and forward bias regions can be 
achieved. Gate-current Suppression show dependencies on 
CF, plasma-treatment conditions. 
0106 FIGS. 14A and 14B shows gate currents of AlGaN/ 
GaN HEMTs with different CF plasma treatments. FIG. 
14B is the enlarged plot of the forward gate bias region. In 
reverse bias region, compared to the conventional HEMT 
without CF plasma treatment, the gate-leakage currents of 
all the CF plasma-treated AlGaN/GaN HEMTs decreased. 
At V=-20 V, the gate-leakage current drops by more than 
four orders of magnitude from 1.2x10° A/mm for conven 
tional HEMT to 7x107 A/mm for the AlGaN/GaN HEMT 
plasma treated at 200 W. 60 seconds. In the forward region, 
the gate currents of all the CF plasma-treated AlGaN/GaN 
HEMTs also decrease. As a result, the turn-on voltages of the 
gate Schottky diode are extended, and the gate input voltage 
Swings are increased. Using 1 mA/mm as the criterion, the 
turn-on Voltage of the gate Schottky diode increases from 1 
V for conventional HEMT to 1.75 V for the CF plasma 
treated AlGaN/GaN HEMT at 200 W for 60 seconds. 

0107 The suppression of the gate-leakage current in the 
CF plasma-treated AlGaN/GaN HEMT can be explained as 
follows. During CF plasma treatment, fluorine ions are 
incorporated into the A1GaN layer. These ions with a strong 
electronegativity act as immobile negative charges that 
cause the upward conduction-band bending in the AlGaN 
barrier layer due to the electrostatic induction effect. Thus, 
an additional barrier height d, as shown in FIG. 23 is 
formed, and the effective metal-semiconductor barrier 
height is increased from d to did. This enhanced 
barrier height can effectively suppress the gate Schottky 
diode current in both reverse and forward bias regions. With 
higher plasma power and longer treatment time, the fluorine 
ion concentration in the A1GaN layer increases, and the 
effective barrier height is raised further, leading to a more 
significant gate-current suppression. In FIG. 9 the effective 
barrier heights and ideality factors that were extracted from 
the forward region of the measured gate currents by using 
the TE model are detailed. The effective barrier height of 
conventional HEMT is 0.4 eV, while the effective barrier 
height increases to 0.9 eV for the CF plasma-treated HEMT 
at 200 W for 60 seconds. The effective barrier heights of the 
CF plasma-treated HEMT also show a trend of increase 
with the plasma power and treatment time, except for the 
HEMT treated at 150 W for 20 seconds, which has a 
relatively higher effective barrier height. This exception is 
thought to be due to the process variations. The facts that the 
extracted effective barrier height is much lower than the 
theoretically predicted values and very large ideality factors 
(>2.4) indicates that the gate currents of fabricated AlGaN/ 
GaN HEMTs are not dominated by the TE mechanism but 
other mechanisms, such as vertical tunneling, Surface barrier 
thinning, and trap-assisted tunneling. Thus, the barrier 
heights can ideality factors, which are extracted by using the 
TE model, are not accurate. Nevertheless, they provide 
Sufficient qualitative information for explaining the mecha 
nism of the gate-current Suppression in CF plasma-treated 
A1GaNFGaN HEMTS. 
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0.108 Dynamic I-V characterizations were conducted by 
using all Accent DIVAD265 system to investigate the effects 
of CF plasma treatment on drain-current dispersion. The 
pulse width is 0.2 LS and the pulse separation is 1 ms. The 
quiescent point is at Vs slightly (-0.5 V) below the 
pinch-off and Vs=15 V. Compared to static I-V character 
istics, the maximum drain-current of conventional D-mode 
HEMT dropped by 63%, while that of E-mode HEMT with 
CF plasma treatment at 150 W for 150 seconds dropped by 
6%. 

0.109 The alleviation of drain-current drops for E-mode 
HEMT is likely due to a raised gate bias of the quiescent 
point (Vis–0 V for E-mode HEMT, Vs=-4.5 V for 
D-mode HEMT). 

RF Small-Signal Characteristics 
0110. On-wafer small-signal RF characterization of the 
fabricated AlGaN/GaN HEMTs were carried out at the 
frequency range of 0.1-39. 1 GHz using Cascade microwave 
probes and an Agilent 8722ES network analyzer. Open-pad 
de-embeddings with the S-parameters of dummy pads were 
carried out to eliminate a parasitic capacitance of the prob 
ing pads. The current gain and maximum stable gain/ 
maximum available gain (MSG/MAG) of all devices with 
1-um long gate were derived from the de-embedded S-pa 
rameters as a function of frequency. The current cutoff 
frequency (f) and maximum oscillation frequency (f) 
were extracted from current gains and MSG/MAGs at unit 
gain. It has been observed that the intrinsic f and f are 
generally 10-15% higher than the extrinsic ones without the 
de-embeddings process. The dependencies off, and f on 
the gate bias are shown in FIG. 15 for the E-mode HEMT. 
Both f, and fare relatively constant at both low and high 
gate bias, indicating a good linearity. FIG.16 lists f and f. 
of all samples. For the conventional HEMT, f, and fare 
13.1 and 37.1 GHz, while for the CF plasma-treated HEMT, 
f, and f are approximately 10 and 34 GHz, slightly lower 
than that of the conventional HEMT, except for the HEMT 
treated at 150 W for 60 seconds. This higher f, and f, in 
the 150 W/60 second device are constant with the higherg, 
presented before, and are attributed to a material non 
uniformity and process variation. The slightly lower?, and 
f in the CF plasma-treated HEMTs indicate that the 
post-gate RTA at 400° C. can effectively recover the 2DEG 
mobility degraded by the plasma treatment, but the recovery 
is less than 100%. It suggests that the optimization of the 
RTA temperature and time is needed to further improve the 
2DEG mobility, while not degrading the gate Schottky 
COntact. 

MISHFETS 

0111. In another embodiment, E-mode SiN/A1GaN/ 
GaN MISHFET were constructed with a two-step SiN 
process which features a thin layer of SiN (15 nm) under 
the gate and a thick layer of SiN (about 125 nm) in the 
access region. Fluorine-based plasma treatment was used to 
convert the device from D-mode to E-mode. The E-mode 
MISHFETs with 1-um long gate footprint exhibited a thresh 
old voltage of 2 V, a forward turn-on gate bias of 6.8 V 
(compared to about a 3 V realized in E-mode AlGaN/GaN 
HEMTs) and a maximum current density of 420 mA/mm. 
0112 The AlGaN/GaN HFET structure was used in this 
example was grown on (0001) Sapphire Substrates in an 
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Aixtron AIX 2000 HT MOCVD system. The HFET struc 
ture consists of a 50-nm thick low temperature GaN nucle 
ation layer, a 2.5-lum thick not-intentionally doped GaN 
buffer layer, and an AlGaN barrier layer with nominal 30% 
Al composition. The barrier layer is composed of a 3-mm 
undoped spacer, a 16-nm carrier supplier layer doped at 
2x10 cm, and a 2-nm undoped cap layer. The capaci 
tance-Voltage (“C-V) measurement by mercury probe 
yields an initial threshold voltage of -4 V for this sample. 
The process flow is illustrated in FIGS. 17A through 17F. 
The device mesa is formed using Cl/He plasma dry etching 
in an STS ICP-RIE system followed by the source/drain 
ohmic contact information with Ti/Al/Ni/Au (20 nm/150 
nm/50 nm/80 nm) annealed at 850° C. for 30 seconds, as 
shown in FIG. 17A. Then, the first SiN layer (about 125 
nm) is deposited on the sample by plasma enhanced chemi 
cal vapor deposition (PECVD) as in FIG. 17B. After gate 
windows with 1-um length are opened by photolithography, 
the sample was put in an RIE system under CF plasma 
treatment, which removed the SiNa and incorporated fluo 
rine ions in the AlGaN. The RF power of the plasma was 150 
W, as shown in FIG. 17C. The gas flow was controlled to be 
150 sccm, and the total etching and treatment time is 190 
seconds. After removing the photoresist, the second SiN 
film (about 15 nm) was deposited by PECVD to form the 
insulating layer between gate metal and AlGaN as in FIG. 
17D. Subsequently, the SiN layer was patterned and etched 
to open windows in the Source and drain ohmic contact 
regions, as shown in FIG. 17E. Next, the 2-um long gate 
electrodes were defined by photolithography followed by 
e-beam evaporation of Ni/Au (~50 mm/300 nm) and liftoff as 
in FIG. 17F. To ensure that the gate electrode covers the 
entire plasma-treated region, the metal gate length (2 um) 
was chosen to be larger than the treated gate area (1 Lim), 
leading to a T-gate configuration. The gate overhang in the 
Source/drain access regions is insulated from the A1GaN 
layer by the thick SiN layer, keeping the gate capacitances 
at low level. Finally, the whole sample was annealed at 400° 
C. for 10 minutes to repair the plasma-induced damage in 
the AlGaN barrier and channel. Measured from the foot of 
gate, the gate-source and gate-drain spacings are both 1.5 
um. The E-mode MISHFETs are designed with gate width of 
10 um for dc testing and 100 um for RF characterizations. 
0113. The constructed device was then characterized. The 
DC output characteristics of the E-mode MISHFETs are 
plotted in FIG. 18. The devices exhibit a peak current 
density of about 420 mA/mm, an ON-resistance of about 
5.67 S2 mm and a knee voltage of about 3.3 V at Vis=7 V. 
FIG. 19A shows the transfer characteristics of the same 
device with 1x10-um gate dimension. It can be seen that the 
V is about 2 V, indicating a 6-V shift of V (compared to 
a conventional D-mode HFET) achieved by the insertion of 
the SiN insulator and plasma treatment. The peak 
transconductance gm is about 125 mS/mm. FIG. 19B shows 
the gate leakage current at both the negative bias and 
forward bias. The forward bias turn-on voltage for the gate 
is about 6.8 V, providing a much larger gate bias Swing 
compared to the E-mode HFETs. Pulse measurements were 
taken on the E-mode MISHFETs with 1x100-um gate 
dimensions with a pulse length of 0.2 us and a pulse 
separation of 1 ms. The quiescent bias point is chosen at 
Vis–0 V (below V) and Vs=20 V. FIG. 20 shows that the 
pulsed peak current is higher than the static one, indicating 
no current collapse in the device. The static maximum 
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current density of the large device with the a 100-um gate 
width is about 330 mA/mm, Smaller than the device with 
10-um gate width (about 420 mA/mm). The lower peak 
current density in the larger device is due to the self-heating 
effect that lowers the current density. Since little self-heating 
occurs during pulse measurements, the maximum current for 
the 100-um wide device can reach the same level as the 
10-um wide device. On wafer small-signal RF characteris 
tics were performed from 0.1 to 39.1 GHz on the 100-um 
wide E-mode MISHFETs at Vis=10 V. As shown in FIG. 
21, the maximum current gain cutoff frequency (fr) and 
power gain cutoff frequency (f) are 13.3 and 23.3 GHZ, 
respectively. When the gate bias is 7 V, the small-signal RF 
performance does not significantly degrade, with an fr of 
13.1 GHz and an f of 20.7GHZ, indicating that the SiN 
insulator offers an excellent insulation between gate metal 
and semiconductor. 

Models 

0.114) A theoretical characterization model was devel 
oped for some of the present innovations. For a conventional 
AlGaN/GaN HEMT with silicon modulation doped layer, as 
shown in FIG. 7, the polarization charge need to be taken 
into account in the calculation of HEMTs threshold voltage. 
Modified from a generally used formula by taking into 
account the effects of charge polarization, Surface and buffer 
traps, the threshold voltage of the AlGaN/GaN HEMT can 
be expressed as: 

V, = dB fe-do fe-AEcfe + Erofe- (1) 
ed dy Nicode-edy, ?e -en, C. 80 O 

Where the parameters are defined as follows: 
0115 p is the metal-semiconductor Schottky barrier 
height. 
0116 O is the overall net (both spontaneous and piezo 
electric) polarization charge at the barrier—AlGaN GaN 
interface. 

0117 d is the AlGaN barrier-layer thickness. 
0118 N(x) is the silicon-doping concentration. 
0119) AE is the conduction-band offset at the AlGaN/ 
GaN heterostructure. 

0120 Ero is the difference between the intrinsic Fermi 
level and the conduction band edge of the GaN channel. 
0121 e is the dielectric constant of AlGaN. 
0.122 N is the net-charged surface traps per unit area. 
0123 N is the effective net-charged buffer traps per unit 
area. C is the effective buffer-to-channel capacitance per 
unit area. 

The last two terms in equation (1) describe the effects of the 
surface traps and buffer traps, respectively. The AlGaN 
Surface is at x=0, and the direction pointing to the channel 
is the positive direction for the integration. To represent the 
devices described above, immobile negative charges are 
introduced into the AlGaN barrier layer under the gate. 
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Because of electrostatic induction, these immobile negative 
charges can deplete 2DEG in the channel, raise the energy 
band, and hence modulate V. Including the effect of the 
negative charges confined in the AlGaN barrier, the modified 
threshold Voltage from equation (1) is given by: 

V, = dp/ e - do / e - AEcfe + Erofe- (2) 

The positive-charge distribution profile N(x) is replaced by 
the net charge distribution N(x)-N(x), where N(x) is the 
concentration of the negatively charged fluorine ion. The 
surface-trap density (N) could be modified by the plasma 
treatment. 

0.124. By applying Poisson’s equation and Fermi–Dirac 
statistics, a simulation was made of the conduction-band 
profiles and the electron distributions of AlGaN/GaN HEMT 
structures with and without fluorine ions incorporated in 
AlGaN layer. Both structures have the same epitaxial struc 
ture, shown in FIG. 7. For the fluorine ions incorporated 
HEMT structure, the negatively charged fluorine ions’ pro 
file was extracted from SIMS measurement results of the 
fluorine atoms distribution of an AlGaN/GaN HEMT struc 
ture that was treated by CF plasma at 150 W for 150s and 
converted to an E-mode HEMT. The simulated conduction 
band diagrams at Zero gate bias were plotted in FIGS. 22 and 
23 For the simulated conduction band of E-mode HEMT, as 
shown in FIG. 22 the fluorine concentration is approximated 
by using a linear distribution that the peak fluorine concen 
tration is 3x10" cm at the AlGaN surface, and the fluorine 
concentration is assumed to be negligible at the AlGaN/GaN 
interface. A total fluorine ion sheet concentration of about 
3x10 cm' is sufficient to not only compensate the silicon 
doping (about 3.7x10" cm') in the AlGaN barrier but also 
to compensate for the piezoelectric and spontaneous polar 
ization-induced charges (about 1x10" cm). Two signifi 
cant features can be observed. First, compared to the 
untreated AlGaN/GaN HEMT structure, the plasma-treated 
structure has its 2DEG channel's conduction-band minimum 
above Fermi level, indicating a completely depleted channel 
and E-mode HEMT. As shown in the electron profiles in 
FIG. 24, there are no electrons in the channel under the Zero 
gate bias in the plasma-treated structure, indicating an 
E-mode HEMT operation. Second, the immobile negatively 
charged fluorine ions cause an upward bending of the 
conduction band, especially in A1GaN barrier, yielding an 
additional barrier height dF. as shown in FIG. 23 Such an 
enhanced barrier can significantly suppress the gate Schot 
tky diode current of AlGaN/GaN HEMT in both the reverse 
and forward bias region. 
0125 The epitaxial structure for the monolithically-inte 
grated E/D-mode HFET consists of: (a) a semiconductor 
substrate (sapphire, SiC. silicon, AlN or GaN, etc.); (b) a 
buffer layer grown on the Substrate; (c) a channel layer; (d) 
a barrier layer including an undoped spacer layer, a modu 
lation doped carrier Supply layer and an undoped cap layer. 
The fabrication process includes: (f) active region isolation; 
(g) ohmic contacts formation on Source and drain terminals; 
(h) photolithography of the gate regions for the E-mode 
HFETs; (i) fluoride-based plasma treatment to the exposed 
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barrier layer of the E-mode HFETs; () gate metal deposition 
of the E-mode HFETs; (k) photolithography of the gate 
regions for the D-mode HFETs; (1) gate metal deposition of 
the D-mode HFETs; ml) surface passivation of the D-mode 
and E-mode HFETs; (n) gate annealing at elevated tempera 
tures. A schematic process flow for this monolithic integra 
tion is depicted in FIG. 25. 
0.126 The active device isolation in the above-described 
monolithic integration process uses the mesa etching, which 
features the active region removal by etching techniques in 
the areas without the HFETs. Such an approach imposes 
limits to the integration density, photolithography resolution 
. For high frequency circuits, the edges of the mesas also 
introduce additional discontinuities for wave propagation, 
which in turn, complicate the circuit design and analysis. 
Since the fluoride-based plasma treatment is able to deplete 
the electrons in the channel (providing electrical turn-off of 
the channel), it can be used for device isolation. With 
increased plasma power and treatment time, the regions 
where active devices are not desired can be completely 
turned off electrically, providing electrical isolation between 
devices. Such an approach does not involve any material 
removal, therefore, enables a flat wafer surface for planar 
process. 

EXAMPLE 

0127 FIGS. 26A through 26F illustrate the process of 
monolithically integrating the E/D-mode HFETs for inte 
grated circuits according to one embodiment of the present 
invention. FIG. 26A illustrates a preferred epitaxial structure 
of this invention, where the reference numerals 110, 120, 
130 and 140 denote substrate, low temperature grown GaN 
nucleation layer, high temperature grown GaN buffer layer, 
and Al GaN barrier layer including the modulation doped 
carrier Supply layer. The manufacturing method of mono 
lithic integration of E/D-mode HFETs for integrated circuits 
is described below. For both D-mode and E-mode HFETs, 
the mesa isolations are simultaneously formed, using Cl2/He 
plasma dry etching followed by the source/drain ohmic 
contact formation 160 with Ti, Al, Ni and Au annealed at 
850° C. for 45 seconds as shown in FIG. 26B. The gates as 
well as gate-source interconnections of D-mode HFETs are 
patterned by photoresist 170 as shown in FIG. 26C, followed 
by depositing and lift-off Ni and Au 178. Thereafter, the 
E-mode HFETs gates, pads and second interconnections are 
patterned with photoresist 175 as shown in FIG. 26D. Then 
the fluoride ions are incorporated into AlGaN barrier 
layer beneath E-mode HFETs' gates by, for examples, either 
fluoride plasma treatment or fluoride ions implantation as 
shown in FIG. 26D. The gate electrode 180 is formed on the 
barrier layer 140 by depositing and lift-off Ni and Au. 
Thereafter, post-gate rapid thermal annealing (RTA) is con 
ducted at 400-450° C. for 10 minutes. A passivation layer 
190 is grown on the top of the wafer as shown in FIG. 26E. 
Then the contact pads and via holes are opened by removing 
portions of the passivation layer on them as shown in FIG. 
26F. Finally, a third interconnection is formed. 
0128. An E/D HFETs inverter and a 17-stage direct 
coupled ring oscillator were created on a 20 mm 
AlosGaz N barrier layer on 2 um GaN buffer layer with 
typical CF plasma treatment condition of 150 W for 150 
seconds and typical post-gate RTA condition of 450° C. for 
10 minutes for E-mode HFETs. The inverter has a NM of 
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0.21 V and a NM of 0.51V at a supply voltage of 1.5 V. 
When supply voltage of 3.5 V is applied, the 17-stage ring 
oscillator shows a maximum oscillation frequency of 225 
MHZ corresponding to a minimum propagation delay of 130 
pS. 

EXAMPLE 

0129. This embodiment describes a method for planar 
monolithic integration of E-mode and D-mode AlGaN/GaN 
HFETs. As described in the first embodiment, the isolation 
among active devices can be obtained by creating active 
device mesa through etching, which creates a non-flat wafer 
Surfaces. In integrated circuit fabrications, planar process are 
always desirable. Following the same principle of channel 
depletion by the negatively charged fluorine ions in the 
AlGaN. depletion of the desired inactive (isolated) areas by 
fluoride-based plasma treatment can be effected. The plasma 
power and treatment time can both be increased to enhance 
the carrier depletion. The process flow is illustrated in FIG. 
27, where: (a) source/drain ohmic contacts formation; (b) 
D-mode HFET gate definition by photolithography; (c) 
D-mode HFET gate metallization and part of the intercon 
nects formation; (d) E-mode HFET gate definition by pho 
tolithography followed by plasma treatment; (e) E-mode 
HFET gate metallization and part of the interconnects for 
mation, (f) isolation region definition by photolithography 
followed by the second fluoride-based plasma treatment; (g) 
final chip followed by passivation. 

EXAMPLE 

0130. The AlGaN/GaN HEMT structure in this example 
was grown on a (0001) Sapphire Substrates in an Aixtron 
AIX 2000 HT MOCVD system. The HEMT structure con 
sists of a low-temperature GaN nucleation layer, a 2.5-lum 
thick unintentionally doped GaN buffer layer, and an AlGaN 
barrier layer with a nominal 30% A1 composition. The 
barrier layer is composed of a 3-nm undoped spacer, a 
21-nm carrier supplied layer doped at 2x1018 cm, and a 
2-nm undoped cap layer. Room-temperature hall measure 
ments of the structure yield an electron sheet density of 
1.3x1013 cm and an electron mobility of 950 cm/Vs. 
0131 The integration process flow is illustrated in FIG. 
28. First, the source? drain ohmic contacts of the E/D-mode 
devices were formed simultaneously by a deposition of 
e-beam evaporated Ti/Al/Ni/Au (20 nm/150 nm/50 nm/80 
nm) and rapid thermal annealing at 850° C. for 30 seconds, 
as shown in FIG. 28(a). Second, the active regions for both 
E/D-mode devices were patterned by a photolithography, 
which is followed by the CF plasma treatment in a reactive 
ion etching system. The plasma power was 300 W, and the 
treatment time was 100 seconds. The gas flow was con 
trolled to be 150 sccm, and the plasma bias was set to be 0 
V. The isolation regions are the locations where a large 
amount of fluorine ions are incorporated in the AlGaN and 
GaN layers near the surface, and then deplete the two 
dimensional electron gas in the channel, as shown in FIG. 
28(b). The D-mode HEMTs gate electrodes were then 
patterned by the contact photolithography, which is followed 
by the e-beam evaporation of Ni/Au (50 mm/300 nm) and 
liftoff as shown in FIG. 28(c). Next, E-mode HEMTs gate 
electrodes and interconnections were defined. Prior to the 
e-beam evaporation of Ni/Au, the gate regions of the 
E-mode HEMTs were treated by the CF plasma (which has 
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a negligible etching to AlGaN) at 170 W for 150 seconds, as 
shown in FIG. 28(d). This plasma treatment performed the 
function of converting the treated devices from the D-mode 
to E-mode HEMT. A 200-nm-thick silicon nitride passiva 
tion layer was deposited by PECVD, and the probing pads 
were opened. Then, the sample was annealed at 400° C. for 
10 minutes to repair the plasma-induced damage in the 
AlGaN barrier and channel of the E-mode HEMTs as in FIG. 
28(e). As a comparison, the D-mode devices were fabricated 
on another piece of the sample from the same Substrate by 
the standard process, in which inductively coupled plasma 
reactive ion etching was used to define the mesa as the active 
region. For the direct-coupled FET logic inverter shown in 
FIG. 1A, the E-mode HEMT driver is designed with a gate 
length, gate-source spacing, gate-drain spacing, and gate 
width of 1.5, 1.5, 1.5, and 50 lum, respectively; the D-mode 
HEMT load is designed with a gate length, gate-source 
spacing, gate-drain spacing, and gate width of 4, 3, 3, and 8 
um, yielding a ratio B=(W/L)/(W/L) of 16.7. Discrete 
E-mode and D-mode HEMTs with 1.5x100 um gate dimen 
sion are fabricated for characterizations. 

0132) Device and Circuit Characteristics 
0133) For the E/D-mode HEMTs fabricated by the planar 
process, the output characteristics are plotted in FIG. 29. The 
peak current density for D-mode and E-mode HEMTs are 
about 730 and 190 mA/mm. FIG. 30 shows the DC transfer 
characteristics comparison between the planar and the stan 
dard process. It can be seen that the drain leakage current for 
the planar process is about 0.3 mA/mm, reaching the same 
level as the devices fabricated by the standard mesa etching. 
The D-mode HEMTs by the planar process have the com 
parable drain-current and transconductance characteristics 
as shown in FIG. 30(b), as the ones by the standard process. 
Also, the leakage current between two pads (400x100 um) 
was measured with a spacing of 150 lum. At the DC bias of 
10 V, the leakage current by the planar process is about 38 
LA, at the same level of the standard mesa etching sample 
(about 30 LLA). Compared with the standard mesa process, 
the fluoride-based plasma treatment can achieve the same 
level of the active device isolation, enabling a complete 
planar-integration process. The E-mode HEMTs exhibit a 
Smaller transconductance ('g') compared to the D-mode 
devices, which is due to the incomplete recovery of the 
plasma-induced damage. The fact that the sample has been 
through a thermal annealing at 400° C. also indicates that a 
good thermal stability is expected at a temperature at least up 
to 400° C. It should be noted that an ion-implantation 
technique has also been developed for inter-device isolation 
accomplished by a multiple energy N+ implantation to 
produce significant lattice damage throughout the thickness 
of the GaN buffer layer. Compared to the ion-implantation 
technique, the CF plasma-treatment technique has the 
advantages of low cost and low damage. 

0134) The E/D-mode HEMTs DCFL inverter fabricated 
by the planar-integration process was characterized. FIG. 31 
shows the measured static Voltage transfer curve of the 
inverter at a supply voltage V=3.3 V. High- and low 
output logic levels (V and V) are 3.3 and 0.45 V. 
respectively, with the output Swing (V-V) of 2.85 V. 
The DC voltage gain in the linear region is 2.9. By defining 
the values of VII and V at the unit gain points, the low and 
high noise margins are 0.34 and 1.47 V. The inverter DC 
circuit is also shown in FIG. 31. The leakage current with the 
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E-mode device pinch-off is about 3 LA, which is consistent 
with the discrete device results. 

EXAMPLE 

0135 FIG. 32 shows AlGaN/GaN epitaxial heterostruc 
tures during the fabrication of an HEMTs according to the 
present innovations. They include the following: 2.5 um 
GaN buffer layer and channel, 2 nm undoped AlosGa07N 
spacer, 15 nm AlosGaz N carrier Supply layer with Si 
doping at 1x1018 cm, and a 3 nm undoped Alois GaozsN 
cap layer. The structures were grown on Sapphire Substrate 
in an Aixtron 2000 HT MOCVD system. The process flow 
is shown in FIGS. 33(a) through 33(f). 
0136. The mesa and source/drain ohmic contacts were 
formed simultaneously for both E-mode and D-mode 
HEMTs, as shown in FIG. 33(a) and (b). The D-mode 
HEMTs gate electrodes were then formed by photolithog 
raphy, metal deposition, and liftoff, as shown in FIGS. 33(c) 
and (d). After defining the patterns of E-mode HEMTs gates 
and interconnections, samples were treated by CF plasma at 
a source power of 150 W for 150 seconds in an STS RIE 
system as shown in FIG.33(e), followed by gate metalliza 
tion and lift-off for the E-mode HEMTs. Inspected by atomic 
force microscope (AFM) measurements, the AlGaN bar 
rier thickness was reduced by 0.8 nm after the plasma 
treatment. Next, a post-gate thermal annealing was con 
ducted at 450° C. for 10 minutes as shown in FIG.33(f). The 
CF plasma treatment converts the treated GaN HEMT from 
D-mode to E-mode. The magnitude of threshold voltage 
shift depends on the treatment conditions, e.g., plasma 
power and treatment time, as described previously. The 
post-gate annealing is employed to recover the plasma 
induced damages in A1GaN barrier and channel. In principle, 
the higher is the annealing temperature, the more efficient is 
the damage repair. However, in practice, the post-gate 
annealing temperature should not exceed the highest tem 
perature (~500° C., in our case) that the gate Schottky 
contact can endure, as mentioned earlier. It was found that 
the D-mode HEMTs characteristics remain the same after 
the annealing, whereas the E-mode HEMTs drain current 
density increases significantly. The post-gate annealing was 
found to have no effect on the threshold voltage shift 
introduced by the plasma treatment. 
0137 For the E/D inverter and the ring oscillator, the 
most important physical design parameter is the drive/load 
ratio, B=(W/L)E-mode/(W/L)D-mode. Several E/D 
inverters and ring oscillators with B varying from 6.7 to 50 
were designed and fabricated on the same sample. The 
geometric parameters of each design are listed in FIG. 34. 
Discrete E-mode and D-mode GaN HEMTs with 1x100 um 
gate dimension were simultaneously fabricated on the same 
sample for dc and RF testing. 
0138 Characteristics of E/D-mode HEMTs 
0139 DC current-voltage (I-V) characteristics of the dis 
crete devices were measured using an HP4156A parameter 
analyzer. The transfer characteristics of the E/D-mode 
HEMTs are plotted in FIG. 35(a). On-wafer small-signal RF 
characterization of the discrete devices were carried out in 
the frequency range of 0.1-39.1 GHz using Cascade micro 
wave probes and an Agilent 8722ES network analyzer. The 
measured parameters of E/D-mode HEMTs are listed in FIG. 
36. The threshold voltage and peak transconductance (g, 
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max) are 0.75 V and 132 mS/mm for the E-mode HEMT and 
-2.6 V and 142 mS/mm for the D-mode HEMT. The 
relatively low peak current density of 480 mA/mm for 
D-mode HEMT is due to relatively low Al composition of 
25% and relatively low doping density of 1x1018 cm in 
AlGaN barrier layer. Different from the AlGaN/GaN 
HEMTs used for RF/microwave power amplifiers, the digi 
tal ICs are less demanding on the current density. As shown 
in FIG. 35(b), a low knee voltage of 2.5 V is obtained for 
E-mode HEMTs. At a gate bias of 2.5 V, an on-resistance of 
7.1 S2 mm was achieved for the E-mode HEMT, which is the 
same as that for the D-mode HEMT at the same saturation 
current level. One observation is that the gate current in both 
the reverse- and forward-bias conditions is significantly 
reduced in the E-mode HEMT as shown in FIG. 37(a) 
compared to the D-mode HEMT. The mechanism of this 
gate current Suppression is the modulation of the potential in 
the AlGaN barrier by the negatively charged fluorine ions 
that are introduced by the plasma treatment. The conduction 
edge band diagrams simulated for both D- and E-mode 
HEMTs by solving Poisson’s equation and Fermi–Dirac 
statistics. For the simulated conduction band of E-mode 
HEMTs, the profile of fluorine distribution is approximated 
by a linear function that features a maximum fluorine ion 
concentration of 3x1019 cm at the AlGaN surface and 
reaches zero (negligible) at the A1GaN/GaN interface. A 
total fluorine ion sheet concentration of about 3x1013 cm 
is Sufficient to compensate no only the Si-- donors concen 
tration of about 3.7x1012 cm but also the piezoelectric and 
spontaneous polarization-induced charges (about 1x1013 
cm). It should be noted that the Schottky barrier height at 
the gate/A1GaN junction is assumed to remain the same in 
this example. As seen from the simulated conduction bands 
shown in FIG. 37(b) and (c), the potential of the AlGaN 
barrier can be significantly enhanced by the incorporation of 
the fluorine ions, resulting in enhanced Schottky barrier and 
the Subsequent gate current Suppression. The gate current 
suppression in the forward bias is particularly beneficial to 
digital IC applications. The Suppressed gate current allows 
the E-mode devices gate bias to be increased up to 2.5 V. 
Such an increase results in a larger gate Voltage Swing, larger 
dynamic range for the input, and higher fan-out. The 
increased input Voltage Swing permits higher Supply Voltage 
that is an important factor in achieving higher operation 
speed and higher noise margins for digital ICs. Without the 
increased gate input Swing, a larger Supply Voltage will lead 
to an output voltage (at logic “high”) that exceeds the 
turn-on voltage of the following stages input gate. The 
wider dynamic range for the input enables direct logic level 
matching between the input and the output, eliminating the 
need for level adjustment between adjacent stages. 

0140. It should be noted that silicon nitride passivation, 
which is important technique generally used for the stable 
operation of the GaN-based HEMTs, can also affect the 
threshold voltage to a lesser degree. The deposition of 
silicon nitride passivation layer on the active region, in 
general, can alter the stress in the AlGaN and GaN layers. 
Subsequently, the piezoelectric polarization charge density 
and the threshold voltage of the device can be slightly 
modified. In general, the widely used silicon nitride layer 
deposited by high-frequency PECVD introduces additional 
tensile stress in the AlGaN layer, resulting in a negative shift 
of the threshold voltage in the range of a few tenths of a volt. 
In practice, this effect should be taken into consideration in 
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the process design. The plasma treatment dose can be 
increased accordingly to compensate the negative shift in 
threshold voltage by the SiN passivation layer. The stress of 
the SiN passivation layer can also be reduced by modifying 
the process parameters of the PECVD deposition so that the 
negative shift in the threshold Voltage is minimized. 

EXAMPLE 

DCFL Inverter 

0141. The circuit schematic of an E/D HEMT inverter is 
shown in FIG. 1(a), where the D-mode HEMT is used as 
load with its gate tied to its source and the E-mode HEMT 
is used as a driver. FIG. 1B shows a fabricated photomicro 
graph of an inverter according to the present innovations. 
The fabricated inverters were characterized using an 
HP4156A parameter analyzer. FIG. 38 shows the static 
Voltage transfer characteristics (the solid curve) for a typical 
E/D HEMT inverter. The rise in the output voltage at the 
large input Voltages (>2.1 V) is a result of the gate Schottky 
diode's turn-on. The dashed curve is the same transfer curve 
with the axis interchanged and represents the input-output 
characteristics of the next inverter stage. The parameter 
definitions follow those given for GaAs- and InP-based 
HEMTs. The static output levels (Vor and V) are given 
by the two intersections of the curves in stable equilibrium 
points, and the difference between the two levels is defined 
as the output logic Voltage Swing. The inverter threshold 
Voltage (VT) is defined as V, where V is equal to V. 
The static noise margins are measured using the method of 
largest width for both logic-low noise margin (NM) and 
logic-high noise margin (NM). The measured static Voltage 
transfer curves of E/D inverters with B varied from 6.7 to 50 
at a supply voltage V=1.5V are plotted in FIG. 39. High 
output logic level (V) is maintained at 1.5 V, indicating 
that the E-mode HEMTs are well switched off, whereas low 
output logic level (V) is improved from 0.34 to 0.09 V as 
a result of B increasing from 6.7 to 50. As a result, the output 
logic Swing defined as V-V, increases from 1.16 to 1.41 
V. As B is increased from 6.7 to 50, Vir decreases from 0.88 
to 0.61 V, the DC voltage gain (G) in the linear region 
increases from 2 to 4.1. FIG. 40 lists the measured values of 
Static noise margins, as well as Vo VoI, output logic 
Swing, VT, and G. Both NM and NM are improved as 3 
increases. 

0142. The static voltage transfer curves of the inverter 
with B=10 were measured at different supply voltages and 
are plotted in FIG. 41. The circuit performance parameters 
are listed in FIG. 42. When supply voltage increases, all the 
parameters of E/D inverter increase accordingly. This means 
that the increase of Supply Voltage improves the static 
performance of the E/D invert. As well known, for HEMT 
and MESFET E/D inverters, the input voltage is always 
limited by the turn-on voltage of the gate Schottky diode. At 
a large input voltage, gate conduction causes an increased 
Voltage drop across the parasitic source resistance of the 
E-mode device that is used as a driver, raising the Voltage of 
the logic low level. The rise in the output voltage can be 
observed in the static transfer curves as the Supply Voltage 
and the required input Voltage increase, as shown in FIG. 41. 
The gate current, when increased by the large input Voltage, 
can significantly degrade the inverter's capability of driving 
multiple stages, reducing the fan-out. Usually, the turn-on 
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voltage of the gate Schottky diode is around 1 V for a normal 
AlGaN/GaN HEMT. For a gate-recessed E-mode GaN. 
HEMT, the thinned AlGaN barrier further decreases the 
turn-on voltage due to an enhanced tunneling current. As a 
result, for the inverter based on a gate-recessed E-mode GaN 
HEMT, the output voltage rises when the input voltage is 
beyond 0.8 V. As disclosed earlier, the E-mode GaN HEMT 
fabricated by CF plasma treatment possesses a Suppressed 
gate current because of the enhanced Schottky barrier in the 
AlGaN layer, which is induced by the electronegative fluo 
rine ions. Such a gate current Suppression enables a larger 
input voltage swing for the E/D inverter. As can be seen in 
FIG. 41, the rise in output voltage does not occur until the 
input Voltage is beyond 2 V, indicating about 1 V extension 
of input voltage swing. FIG. 43 shows the dependences of 
the load current and input current on the input voltage. The 
lower input current (gate current of the E-mode HEMT) 
implies a larger amount of fan-out. At “ON” state, the input 
current exceeds 10% load current when the input voltage is 
larger than 2 V. 

EXAMPLE 

DCFL Ring Oscillator 

0.143 FIG. 1B shows a schematic circuit diagram of a 
DCFL ring oscillator, which is formed with an odd-num 
bered E/D inverter chain. Seventeen-stage ring oscillators 
were fabricated with inverters' B=6.7, 10, and 25. For each 
ring oscillator, 36 transistors were used including an output 
buffer. FIG 1D shows a photomicrograph of a fabricated ring 
oscillator according to the present innovations. The ring 
oscillator were characterized on-wafer using an Agilent 
E4404B spectrum analyzer and an HP 54522A oscilloscope. 
The DC power consumption was also measured during the 
ring oscillators operation. FIGS. 44 and 45 show the 
frequency- and time-domain characteristics of the 17-stage 
ring oscillator with B=10 biased at V=3.5 V. The funda 
mental oscillation frequency is 225 MHz. According to the 
formula of propagation delay per stage tpd=(2nf)', where 
the number of stages n is 17, and tea was calculated to be 
130 ps/stage. The dependences of t, and power-delay 
product on V were plotted in FIG. 46. With the increase 
of Supply Voltage, the propagation delay was reduced, 
whereas power-delay product increases. Compared to Ta 
(234 ps/stage) measured at 1 V. ta measured at 3.5 V is 
reduced by 45%. The fact that the ring oscillator can operate 
at such a high V attributes to the larger input voltage 
Swing realized by the CF plasma treatment technique used 
in the integration process. A minimum power-delay product 
of 0.113 p.J/stage was found at a V of 1 V. FIG. 46 also 
shows td and power-delay product characteristics of ring 
oscillators with B=6.7 and 25. For the ring oscillator with 
f=6.7, the largest tea and power-delay product is due to the 
larger input capacitance determined by the larger gate length 
(1.5 um) of the E-mode HEMT. For the ring oscillator with 
f=25, the larger Ta is due to the lower charging current 
determined by the larger gate length (4 um) of the D-mode 
HEMT, whereas the power-delay product is at the same level 
as the one with B=10. When this integration technology is 
implemented in the Sub-micrometer regime, the gate delay 
time is expected to be further reduced. 

0144. Recently, the discrete E-mode HEMTs and the 
DCFL ring oscillators have been tested at elevated tempera 
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ture up to 375 C. No significant shift has been observed in 
the threshold voltage of the E-mode HEMTs, and the ring 
oscillator exhibits an oscillation frequency of 70 MHZ at 375 
C. 

0145 According to a disclosed class of innovative 
embodiments, there is provided: a method for fabricating a 
semiconductor active device, comprising the actions of: a) 
patterning a vertically inhomogeneous III-N semiconductor 
layer to expose channel areas of first transistors but not 
channel areas of second transistors; b) introducing fluorine 
into said channel areas of said first transistors, but Substan 
tially not into said channel areas of said second transistors, 
to provide different threshold voltage values for said first and 
second transistors; and c) forming Sources, drains, and gates, 
to complete formation of said transistors; wherein said 
action (b) causes said first transistors, but not said second 
transistors, to have a positive threshold Voltage. 
0146 According to a disclosed class of innovative 
embodiments, there is provided: A method for fabricating a 
III-N semiconductor active device, comprising the actions 
of forming a first gate electrode pattern, over desired 
depletion-mode transistor channel locations, in a vertically 
inhomogeneous semiconductor layer having the general 
composition of (Al...M.)Y, where M is predominantly Ga 
and Y is predominantly N, and the Al fraction is higher near 
a Surface of said layer; introducing fluorine and forming a 
second gate electrode pattern, over desired enhancement 
mode transistor channel locations, in a self-aligned combi 
nation of actions; and forming sources, drains, and inter 
connections to complete formation of an electrical circuit. 

0147 According to a disclosed class of innovative 
embodiments, there is provided: an integrated circuit, com 
prising: enhancement-mode and depletion-mode transistors, 
mutually interconnected to form an electrical circuit; 
wherein said transistors all have channels formed in a 
common layer of vertically inhomogeneous Group III nitride 
semiconductor material having a higher Al fraction near a 
Surface of said layer, and wherein said enhancement-mode 
transistors have a fluorine concentration, in at least one level 
of said layer, which is more than one thousand times the 
fluorine concentration in a corresponding portion of said 
layer at said depletion-mode transistors. 

Modifications and Variations 

0148. As will be recognized by those skilled in the art, the 
innovative concepts described in the present application can 
be modified and varied over a tremendous range of appli 
cations, and accordingly the scope of patented Subject matter 
is not limited by any of the specific exemplary teachings 
given. 

0149 While the above example describes a lateral 
device, it is also contemplated that the various disclosed 
inventions can be used in merged devices including a lateral 
transistor element. 

0150. It is also contemplated that the disclosed inventions 
can be applied to Some classes of vertical devices with 
appropriate changes. 

0151. The disclosed technology can also be used to create 
a merged device, in which enhancement and depletion 
transistors are combined inside a single isolation area. 
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0152 For another example, minor variations in the semi 
conductor composition, e.g. use of a phosphonitride instead 
of a pure nitride, or use of an AlGaN over Al Gai-N 
heterostructure for the basic HEMT structure, are contem 
plated as alternatives. 
0153. The present innovations provide users with the 
capability of making single Voltage Supply RFIC and 
MMIC. It also provides users a monolithic integration 
technology for implementing GaN-based digital integrated 
circuits that are needed for high temperature electronics. 
0154 For another example, in the various device struc 
tures shown, a variety of materials can optionally be used for 
gate electrodes (taking into account any resulting differences 
in work function). 
0.155. In one contemplated class of embodiments, gate 
materials with different work functions can be used in 
combination with the trapped sheet charge layer provided by 
various embodiments described above, to increase the dif 
ference between the threshold voltages of the two types of 
transistors (for a given fluorine dosage). Alternatively, this 
can be used to achieve four different threshold voltages on 
a single III-N chip, if desired. 
0156 Similarly, various changes or substitutions can be 
made in the epitaxial layer doping. 
0157 Similarly, as noted above, various materials can 
optionally be used for the substrate. 
0158. The methods and structures described above are 
not only applicable to HEMT or MISHFET devices, but also 
to III-N MESFET (Metal-semiconductor FET) and MOS 
FET devices. (MESFET devices do not use a gate insulator, 
but instead provide a Schottky barrier between gate and 
channel.) 
0159. Additional general background, which helps to 
show variations and implementations, may be found in the 
following publications, all of which are hereby incorporated 
by reference: 
0160 Hu et al., “Enhancement mode AlGaN/GaN HFET 
with selectively grown PN junction gate.” April 2000, IEE 
Electronics Letters, Vol. 36, No. 8, pp. 753-754; 

0.161 Jeong S. Moon et al., “Submicron Enhancement 
Mode AlGaN/GaN HEMTs,” June 2002, Digest of 60th 
Device Research Conference, pp. 23-24: 

0162 K. J. Chen et al., “High-Performance InP-based 
Enhancement-Mode HEMTs Using Non-Alloyed Ohmic 
Contacts and Pt-based Buried-Gate Technologies.” Feb 
ruary 1996, IEEE Trans. on Electron Devices, Vol.43, No. 
2, pp. 252-257; 

0.163 Akira Endoh et al., “Non-Recessed-Gate Enhance 
ment Mode AlGaN/GaN High Electron Mobility Transis 
tors.” April 2004, Japanese Journal of Applied Physics, 
Vol.43, No. 4B. pp. 2255-2258: 

0164) Y. Cai, Y. G. Zhou, K. J. Chen, and K. M. Lau, 
“High-Performance Enhancement-Mode AlGaN/GaN 
HEMTs using Fluoride-based Plasma Treatment, IEEE 
Electron Device Letters, Vol. 26, No. 7, pp. 435-437, 
2005; 

0.165 Y. Cai, K. M. Lau, K. J. Chen, “Control of Thresh 
old Voltage of AlGaN/GaN HEMTs by Fluoride-Based 
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Plasma Treatment: From Depletion to Enhancement 
Mode.” IEEE Electron Device Letters, Vol. 53, No. 9, pp. 
2207-2215, 2006; 

0166 R. Wnag, Y. Cai, Chi-Wai Tang, K. M. Lau, K. J. 
Chen, “Enhancement Mode SiN/AlGaN/GaN MISH 
FETs, IEEE Electron Device Letters, Vol. 27, No. 10, pp. 
793-795, 2006; 

0167 M. A. Khan, Q. Chen, C. J. Sun, J. W. Yang, M. 
Blasingame, M. S. Shur, and H. Park, “Enhancement and 
depletion mode GaN/A1GaN heterostructure field effect 
transistors. Appl. Phys. Lett., vol. 68, no. 4, pp. 514-516, 
January 1996: 

0168 V. Kumar et al., “AlGaN/GaN HEMTs on SiC with 
f of over 120 GHZ, IEEE Electron Device Lett., vol. 23, 
no. 5, pp. 455-457:, May 2002: 

0169 P. K. Chu, “Recent developments and applications 
of plasma immersion ion implantation, J. Vac. Sci. 
Technol. B. vol. 22 no. 1, pp. 289-296, January/February 
2004; 

0170 S. Arulkumaran, T. Egawa, H. Ishikawa, T. Jimbo, 
and Y. Sano, "Surface passivation effects on AlGaN/GaN 
high-electron-mobility transistors with SiO, SiNa, and 
silicon oxynitride. J. Appl. Phys. Vol. 84, no. 4. pp. 
613-615, January 2004; 

0171 J. Bern, P. Javorka, A. Fox, M. Marso, H. Luth, and 
P. Kordo, “Effect of surface passivation on performance 
of AlGaN/GaN/Si HEMTS, Solid State Electron, vol. 47, 
no. 11, pp. 2097-2103, November 2003: 

0172 V. Kumar, A. Kuliev, T. Tanaka, Y. Otoki, and I. 
Adesida, "High transconductance enhancement-mode 
AlGaN/GaN HEMTs on SiC substrate.” Electron. Lett., 
vol.39, no. 24, pp. 1758-1760, November 2003: 

0173 W. B. Lanford, T. Tanaka, Y. Otoki, and I. Adesida, 
“Recessed-gate enhancement-mode GaN HEMT with 
high threshold voltage.” Electron. Lett., vol. 41, no. 7, pp. 
449-450, March 2005; 

0.174 S. L. Rumyantsev, N. Pala, M. S. Shur, R. Gaska, 
M. E. Levinshtein, M. Asif Khan, G. Simin, X. Hu, and 
J. Yang, “Effect of gate leakage current on noise proper 
ties of AlGaN/GaN field effect transistors. J. Appl. Phys. 
vol. 88, no. 11, pp. 6726-6730, December 2000; 

0175 Koudymov, H. Fatima, G. Simin, J. Yang, M. Asif 
Khan, A. Tarakji, X. Hu, M. S. Shur, and R. Gaska, 
“Maximum current in nitride-based heterostructure field 
effect transistors. Appl. Phys. Lett., Vol. 80, no. 17, pp. 
3216-3218, April 2002: 

0176) Endoh, Y. Yamashita, K. Ikeda, M. Higashiwaki, K. 
Hikosaka, T. Matsui, S. Hiyamizu, and T. Mimura, “Non 
recessed-gate enhancement-mode AlGaN/GaN high elec 
tron mobility transistors with high RF performance.” Jpn. 
J. Appl. Phys., vol.43, no. 4B, pp. 2255-2258, 2004; 

0177. J.-P. Ao, D. Kikuta, N. Kubota, Y. Naoi, and Y. 
Ohno, “Copper gate AlGaN/GaN HEMT with low gate 
leakage current.” IEEE Electron Device Lett., vol. 24, no. 
8, pp. 500-502, August 2003: 

0178 J. Sierakowski and L. F. Eastman, “Analysis of 
Schottky gate electron tunneling in polarization induced 
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AlGaN/GaN high electron mobility transistors,” J. Appl. 
Phys., vol. 86, no. 6, pp. 3398-3401, September 1999; 
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Koudymov, M. S. Shur, R. Gaska, X. Hu, and A. Tarakji, 
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pp. 624-633, February 2003: 

0180 T. Hashizume, S. Ootomo, and H. Hasegawa, 
“Suppression of current collapse in insulated gate AlGaN/ 
GaN heterostructure field-effect transistors using ultrathin 
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2952-2954, October 2003: 

0181 Y. Cai, Y. G. Zhou, K. J. Chen, and K. M. Lau, 
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0187 Y. F. Wu, A. Saxler, M. Moore, R. P. Smith, S. 
Sheppard, P. M. Chavarkar, T. Wisleder, U. K. Mishra, 
and P. Parikh, "30-W/mm GaN HEMTs by field plate 
optimization.” IEEE Electron Device Lett. Vol. 25, no. 3, 
pp. 117-119, March 2004; 

0188 J. W. Johnson, E. L. Piner, A. Vescan, R. Therrien, 
P. Rajagopal, J. C. Roberts, J. D. Brown, S. Singhal, and 
K. J. Linthicum, “12 W/mm AlGaNGaN HFETs on sili 
con substrates, IEEE Electron Device Lett., Vol. 25, no. 
7, pp. 459-461, July 2004; 

0189 Y. Cai, Z. Q. Cheng, W. C. W. Tang, K.J. Chen, and 
K. M. Lau, “Monolithic integration of enhancement- and 
depletion-mode AlGaN/GaN HEMTs for GaN digital 
integrated circuits,” in IEDM Tech. Dig. December 2005, 
pp. 771-774; 

0.190 Daumiller, C. Kirchner, M. Kamp, K. U. Ebeling, 
and E. Kohn, “Evaluation of the temperature stability of 
AlGaN/GaN heterostructure FETs, IEEE Electron 
Device Lett., vol. 20, no. 9, pp. 448-450, September 1999; 

Page 90 of 92



US 2007/022841.6 A1 

0191 P. G. Neudeck, R. S. Okojie, and C. Liang-Yu, 
"High-temperature electronics—A role for wide bandgap 
semiconductors?.” Proc. IEEE, Vol. 90, no. 6, pp. 1065 
1076, June 2002: 

0192 T. Egawa, G.Y. Zhao, H. Ishikawa, M. Umeno, and 
T. Jimbo, “Characterizations of recessed gate AlGaN/GaN 
HEMTs on sapphire.” IEEE Trans. Electron Devices, vol. 
48, no. 3, pp. 603-608, March 2003: 

0193 M. Micovic, T. Tsen, M. Hu, P. Hashimoto, P. J. 
Willadsen, I. Milosavljevic, A. Schmitz, M. Antcliffe, D. 
Zhender, J. S. Moon, W. S. Wong, and D. Chow, “GaN 
enhancement/depletion-mode FET logic for mixed signal 
applications.” Electron. Lett., Vol. 41, no. 19, pp. 1081 
1083, September 2005; 

0194 Y. Cai, Y. G. Zhou, K. J. Chen, and K. M. Lau, 
“High-performance enhancement-mode AlGaN/GaN 
HEMTs using fluoride-based plasma treatment.” IEEE 
Electron Device Lett., Vol. 26, no. 7, pp. 435-437, July 
2005; 

0.195 T. Palacios, C.-S. Suh, A. Chakraborty, S. Keller, S. 
P. DenBaars, and U. K. Mishra, “High-performance 
E-mode AlGaN/GaN HEMTs, IEEE Electron Device 
Lett. Vol. 27, no. 6, pp. 428-430, June 2006; 

0196) Endoh, Y. Yamashita, K. Ikeda, M. Higashiwaki, K. 
Hikosaka, T. Matsui, S. Hiyamizu, and T. Mimura, “Non 
recessed-gate enhancement-mode AlGaN/GaN high elec 
tron mobility transistors with high RF performance.” Jpn. 
J. Appl. Phys., vol.43, no. 4B, pp. 2255-2258, 2004; 

0197) M. A. Khan, X. Hu, G. Sumin, A. Lunev. J. Yang, 
R. Gaska, and M. S. Shur, “AlGaN/GaN metal oxide 
semiconductor heterostructure field effect transistor.” 
IEEE Electron Device Lett., vol. 21, no. 2, pp. 63-65, 
February 2000; 

0198 X. Hu, A. Koudymov, G. Simin, J. Yang, and M. A. 
Khan, “SiN/A1GaN/GaN-metal-insulator-semiconduc 
tor heterostructure field-effect transistors. Appl. Phys. 
Lett., vol. 79, no. 17, pp. 2832-2834, October 2001; 

0199 Chini, J. Wittich, S. Heikman, S. Keller, S. P. 
DenBaars, and U. K. Mishra, “Power and linearity char 
acteristics of GaN MISFET on sapphire substrate.” IEEE 
Electron Device Lett., vol. 25, no. 2, pp.55-57, February 
2004; 

0200) M. Kanamura, T. Kikkawa, T. Iwai, K. Imanishi, T. 
Kubo, and K. Joshin, “An over 100 W n-GaN/n-AlGaN/ 
GaN MIS-HEMT power amplifier for wireless base sta 
tion applications, in IEDM Tech. Dig. December 2005, 
pp. 572-575, which is hereby incorporated by reference in 
its entirety; 

ubl1Shed arol1Cat1On 1 0201 Published applicati US20030218183 “High 
power-low noise microwave GaN heterostructure field 
effect transistor': 

0202) Published application US2005059.197 "Semicon 
ductor device and method for manufacturing the same': 

0203 Published application US20040041169 “GaN-type 
enhancement MOSFET using hetero structure': 

0204 Published application US20020177261 “Mono 
lithically integrated E/D mode HEMT and method for 
fabricating the same': 

Oct. 4, 2007 

0205 Published application US 1986.4615102 “Method 
of producing enhancement mode and depletion mode 
FETs; 

0206 R. C. Eden, B. M. Welch, and R. Zucca, “Planar 
GaAs IC Technology: Applications for digital LSI, IEEE 
J. Solid-State Circuits, vol. 13, no. 4, pp. 419-426, August 
1978; 

0207 J. M. Mikkelson and L. R. Tomasetta, “High 
density GaAs integrated circuit manufacturing.” IEEE 
Trans. Semicond. Manuf., vol. 16, no. 3, pp. 384-389, 
August 2003; 

0208 R. Kirschman Ed., High Temperature Electronics, 
New York: IEEE Press, 1999; 

0209 S. Long and S. E. Butner, Gallium Arsenide Digital 
Integrated Circuit Design, New York: McGraw-Hill, 
1990; 

0210 T. Hussain, M. Micovic, T. Tsen, M. Delaney, D. 
Chow, A. Schmitz, P. Hashimoto, D. Wong, J. S. Moon, 
M. Hu, J. Duvall, and D. McLaughlin, “GaNHFET digital 
circuit technology for harsh environments.” Electron, 
Lett., vol.39, no. 24, pp. 1708-1709, November 2003: 

0211) Y. Cai, Z. Cheng, C. W. Tang, K. J. Chen, and K. 
M. Lau, “Monolithic Integration of Enhancement- and 
Depletion-mode AlGaN/GaN HEMTs for GaN Digital 
Integrated Circuits.” 2005 International Electron Device 
Meeting (IEDMO5), Washington, D.C., USA, Dec. 4-7, 
2005; 

0212 Y. Cai, Z. Cheng, W. C. K. Tang, K. M. Lau, and 
K. J. Chen “Monolithically Integrated Enhancement/ 
Depletion-Mode AlGaN/GaN HEMT Inverters and Ring 
Oscillators. Using CF4 Plasma Treatment.” IEEE Trans. 
Electron Devices, vol., 53, No. 9, pp. 2223-2230, Sep 
tember 2006; 

0213 R. Wang, Y. Cai, W. Tang, K. M. Lau, and K. U. 
Chen, “Planar Integration of E/D-Mode AlGaN/GaN 
HEMTs Using Fluoride-Based Plasma Treatment.” IEEE 
Electron Device Letters, vol. 27, No. 8, pp. 633-635, 
August 2006; 

0214) A. A. Ketterson and H. Morkoc, “GaAs/AlGaAs 
and InGaAs/AlGaAs MODFET inverter simulations.” 
IEEE Trans. Electron Devices, vol. ED-33, no. 11, pp. 
1626-1634, 1986: 

0215 A. Mahajan, G. Cueva, M. Arafa, P. Fay, and I. 
Adesida, “Fabrication and characterization of an InAlAS/ 
InGaAS/InPring oscillator using integrated enhancement 
and depletion-mode high-electron mobility transistors.” 
IEEE Electron Device Lett., vol. 18, no. 8, pp. 391-393, 
August 1997: 

0216 None of the description in the present application 
should be read as implying that any particular element, step, 
or function is an essential element which must be included 
in the claim scope: THE SCOPE OF PATENTED SUBJECT 
MATTER IS DEFINED ONLY BY THE ALLOWED 
CLAIMS. Moreover, none of these claims are intended to 
invoke paragraph six of 35 USC section 112 unless the exact 
words “means for are followed by a participle. 
0217. The claims as filed are intended to be as compre 
hensive as possible, and NO subject matter is intentionally 
relinquished, dedicated, or abandoned. 

Page 91 of 92



US 2007/022841.6 A1 

What is claimed is: 
1. A method for fabricating a semiconductor active 

device, comprising the actions of 
a) patterning a vertically inhomogeneous III-N Semicon 

ductor layer to expose channel areas of first transistors 
but not channel areas of second transistors; 

b) introducing fluorine into said channel areas of said first 
transistors, but Substantially not into said channel areas 
of said second transistors, to provide different threshold 
Voltage values for said first and second transistors; and 

c) forming sources, drains, and gates, to complete forma 
tion of said transistors; 

wherein said action (b) causes said first transistors, but not 
said second transistors, to have a positive threshold 
Voltage. 

2. The method of claim 1, wherein said semiconductor 
layer is an AlGaN/GaN layered structure. 

3. The method of claim 1, wherein said step (b) also 
introduces fluorine into device isolation Zones. 

4. The method of claim 1, wherein said action of intro 
ducing fluorine into said channel areas of said first transis 
tors is self-aligned to the locations of said gates. 

5. The method of claim 1, wherein said semiconductor 
layer is an epitaxial layer Supported by a Substrate of 
sapphire, silicon, SiC. AlN, or GaN. 

6. The method of claim 1, wherein said semiconductor 
layer is an epitaxial structure comprising a nucleation layer 
of GaN or AlN, a buffer layer of GaN or AlGaN, a GaN 
channel, and an AlGaN barrier. 

7. The method of claim 1, wherein said sources and said 
drains for said transistors are formed by depositing multiple 
metal layers and rapid thermal annealing, wherein said 
metals are selected from the group consisting of Ti, Al, Ni, 
and Au. 

8. The method of claim 1, wherein said channel areas are 
Subjected to fluorine-based plasma treatment using a feed 
gas selected from the group consisting of CF, SF BF, and 
mixtures thereof. 

9. The method of claim 1, wherein a gate electrode will be 
formed by depositing gate metal followed by lift-off or metal 
etching, using at least one metal selected from the group 
consisting of Ti, Al, Ni, and Au. 

10. The method of claim 1, further comprising the sub 
sequent step of depositing, over said transistors, a passiva 
tion material selected from the group consisting of silicon 
nitride, silicon oxide, polyimide, and benzocyclobutene. 

11. The method of claim 1, wherein both said first and said 
second transistors are subjected to a final thermal annealing 
at approximately the highest temperature which will not 
change the Schottky barrier below the gate. 

12. The method of claim 1, wherein an additional thin film 
of dielectric material is inserted between said gates and the 
surface of the III-N semiconductor. 

13. The method of claim 1, wherein said gates are placed 
directly on said semiconductor layer, without any recess 
etch. 

14. The method of claim 1, wherein said gates are placed 
on a dielectric which lies on a planar portion of said 
semiconductor layer. 

15. The method of claim 1, wherein an additional thin film 
of dielectric material is inserted between said gates and the 
surface of the III-N semiconductor. 
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16. A method for fabricating a III-Nsemiconductor active 
device, comprising the actions of 

forming a first gate electrode pattern, over desired deple 
tion-mode transistor channel locations, in a vertically 
inhomogeneous semiconductor layer having the gen 
eral composition of (Al...M.)Y, where M is predomi 
nantly Ga and Y is predominantly N, and the Al fraction 
is higher near a surface of said layer; 

introducing fluorine and forming a second gate electrode 
pattern, over desired enhancement-mode transistor 
channel locations, in a self-aligned combination of 
actions; and 

forming sources, drains, and interconnections to complete 
formation of an electrical circuit. 

17. The method of claim 16, wherein said semiconductor 
layer is an epitaxial layer Supported by a substrate of 
sapphire, silicon, SiC. AlN, or GaN. 

18. The method of claim 16, wherein said semiconductor 
layer is an epitaxial structure comprising a nucleation layer 
of GaN or AlN, a buffer layer of GaN or AlGaN, a GaN 
channel, and an AlGaN barrier. 

19. The method of claim 16, wherein said sources and said 
drains are formed by depositing multiple metal layers and 
rapid thermal annealing, wherein said metals are selected 
from the group consisting of Ti, Al, Ni, and Au. 

20. The method of claim 16, wherein said desired 
enhancement-mode transistor channel locations are Sub 
jected to fluorine-based plasma treatment using a feed gas 
selected from the group consisting of CF, SF BF, and 
mixtures thereof. 

21. The method of claim 16, wherein a gate electrode is 
formed by depositing gate metal followed by lift-off or metal 
etching, using at least one metal selected from the group 
consisting of Ti, Al, Ni, and Au. 

22. The method of claim 16, further comprising the 
Subsequent step of depositing, a passivation material 
selected from the group consisting of silicon nitride, silicon 
oxide, polyimide, and benzocyclobutene. 

23. An integrated circuit, comprising: 
enhancement-mode and depletion-mode transistors, 

mutually interconnected to form an electrical circuit; 
wherein said transistors all have channels formed in a 
common layer of Vertically inhomogeneous Group III 
nitride semiconductor material having a higher Al 
fraction near a Surface of said layer, 

and wherein said enhancement-mode transistors have a 
fluorine concentration, in at least one level of said layer, 
which is more than one thousand times the fluorine 
concentration in a corresponding portion of said layer 
at said depletion-mode transistors. 

24. The circuit of claim 23, wherein said semiconductor 
material is an epitaxial layer Supported by a Substrate of 
sapphire, silicon, SiC. AlN, or GaN. 

25. The circuit of claim 23, wherein said semiconductor 
material is an epitaxial structure comprising a nucleation 
layer of GaN or AlN, a buffer layer of GaN or AlGaN, a GaN 
channel, and an AlGaN barrier. 

26. The circuit of claim 23, further comprising the sub 
sequent step of depositing, a passivation material selected 
from the group consisting of silicon nitride, silicon oxide, 
polyimide, and benzocyclobutene. 
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