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ABSTRACT

A brief review is given of recent progress in fabrication of high
voltage GaN and AIGaN rectifiers, GaN/AIGaN heterojunction bipolar
transistors, GaN heterostructure and metal-oxide semiconductor field effect
transistors. Improvements in epitaxial layer quality and in fabrication
techniques have led to significant advances in device performance

INTRODUCTION

Ultra-high Power Switches
There is a strong interest in developing wide bandgap power devices for use in the

electric power utility industry. With the onset of deregulation in the industry, there will be
increasing numbers of transactions on the power grid in the US, with different companies
buying and selling power. The main applications are in the primary distribution system ( 100-
2000 kVA) and in subsidiary transmission systems (1-50MVA). A major problem in the
current grid is momentary voltage sags, which affect motor d&ves, computers and digital
controls. Therefore, a system for eliminating power sags and switching transients would
dramatically improve power quality. For example it is estimated that a 2-second outage at a
large computer center can cost $600,00(1 or more, and an outage of less than one cycle, or a
voltage sag of 25% for two cycles, can cause a microprocessor to malfunction. In particular,
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computerized technologies have led to strong consumer demands for less expensive
electricity, premium quality power and uninterruptible power.

The basic power electronics hierarchy would include the use of widegap devices such
as Gate Turn-Off Thyristors (GTOS), MOS-Controlled Thyristors (MCT) or Insulated Gate
Bipolar Transistors (IGBTs) combined with appropriate packaging and therrrkd management
techniques to make subsystems (such as switches, rectifiers or adjustable speed devices)
which then comprise a system such as Flexible AC Transmissions (FACTS). Common power
electronics systems, which are inserted between the incoming power and the electrical load
include uninterruptible power supplies, advanced motors, adjustable speed drives and motor
controls, switching power supplies, solid-state circuit breakers and power conditioning
equipment. About 50% of the electricity in the US is consumed by motors. Motor repairs
cost -$5B each year and could be dramatically reduced by high power electronic devices that
permit smoother switching and control. Moreover, control electronics could dramatically
improve motor efficiency. Other end uses include lighting, computers, heating and air-
conditioning.

The FACTS concept employed in electricity transmission aims for the following:
- Precisely regulate power flow on particular lines.
- Better system stability by instantly counteracting transients.
- Load transmission lines closer to their thermal limits (increase capacity) using:

● Thyristor controlled series capacitor (changes line impedance).

. Static compensator (STATCOM based on GTO thyristors) provides voltage support on
lines by generating or absorbing reactive power without need for large external reactors
or capacitor banks and mitigates disturbances.

. United Power Flow Controller (comprehensively controls power flow, reduces line
impedance, shifts phase angle, provides voltage support).

On the distribution side there is a need to precisely manage power quality and flow
for variable loads. The components include the dynamic static compensator (DSTATCOM),
which protects the line from a “dirty” load (and generally involves Si IGBTs), the dynamic
voltage restorer, which protects a sensitive load from line disturbances (and also employs Si
IGBTs) and solid-state breaker/transfer switches, which prevent black-outs (and employ
semiconductor-controlled rectifiers and GTOS).

Thus the technology drivers for high power semiconductor devices from the utility
viewpoint are:
- FACTS (Flexible AC Transmission System) Devices that allow power grids to be tuned

for maximum performance like low-power integrated circuits, increasing asset utilization.
Distribution system components that enable precise subcycle regulation of voltage and
power flow, including solid-state transfer switch (SSTS), solid-state circuit breaker
(SSCB), dynamic voltage restorer (DVR), static compensator (D-STATCOM), advanced
transformer, fault current limiter.
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- Power electronics interconnection technologies (ac/dc inverters, frequency changers) that
enable wider application of low- and no-emission systems for energy generation and
storage including fuel cells, wind power, photovoltaics, batteries and superconducting
magnetic energy storage.

- . Advanced motor speed controllers that reduce or eliminate the significant power
disturbances produced by existing adjustable speed drive.

- Power management technologies for electric vehicles that reduce pollution and
dependence on imported oil.

Other high-power electronics applications, include hybrid drivetrain (electric)
vehicles, next generation (“all-electric”) battleships and the “more-electric” airplane for both
military and commercial deployment.

Some desirable attributes of next generation, widegap power electronics include the
ability to withstand currents in excess of 5 kA and voltages in excess of 50 kV, provide rapid
switching, maintain good thermal stability while operating at temperatures above 250°C,
have small size and light-weight, and be able to function without bulky heat-dissipating
systems.

The primary limits of Si-based power electronics are:
(i) Maximum voltage ratings <7 kV

● Multiple devices must be placed in series for high-voltage systems.
(ii) Insufficient current-carrying capacity

. Multiple devices must be placed in parallel for typical power grid applications.
(iii) Conductivity in one direction only

● Identical pairs of devices must be installed in anti-parallel for switchable circuits.
(iv) Inadequate thermal management

. Heat damage is a primary cause of failure and expense.
(v) High initial cost

. Applications are limited to the highest-value settings.
(vi) Large and heavy components

. Costs are high for installation and servicing, and equipment is unsuitable for many
customers.

For these reasons, there is a strong development effort on widegap power devices,
predominantly SiC, with lesser efforts in Ga$J and diamond, which should have benefits that
Si-based or electromechanical power electronics cannot attain. The higher stand-off voltages
should eliminate the need for series stacking of devices and the associated packaging
difficulties. In addition these widegap devices should have higher switching frequency in
pulse-width-modulated rectifiers and inverters.

The current state-of-the-art in Si power devices includes 6“ diameter light-triggered
thyristors rated at 8 kV, 3.5 kA average current, GTO thyristors rated at 6 kV and 2kA in
practical applications and press-pack reverse-conducting IGBTs rated at 2.5 kV and 1 kA.
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Light triggering is often needed in stacked devices to ensure all of them turn-on at the same
time. This might be used to advantage in power grid applications in another way, namely
that control signals could be carried on the extensive optical fiber network that accompanies
the power grid, and could be used to trigger GaN-based devices. Moreover, Er-doped GaN
emitters could be used to send status signals back through the same network.

The absence of Si devices capable of application to 13.8 kV distribution lines (a
common primary distribution mode) opens a major opportunity for widegap electronics.
However cost will be an issue, with values of $200-2000 per kVA necessary to have an
impact. It is virtually certain that SiC switches will bqcome commercially available within 3-
5 years, and begin to be applied to the 13.8 kV lines. MOS Tum-Off-Thyristors involving a
SiC GTO and SiC MOSFET are a promising approach. An inverter module can be
constructed from an MOS turn-off thyristor ( MTO) and a SiC power diode.

Bandit et al. predict that a 5 kV stand-off voltage can be supported by a 20 ym
Alo,zG~.8N layer doped at - 101bcm-3. One of the questions marks about the GaN/AIGaN
system is whether because they are direct gap materials and have extremely short minority-
carrier lifetimes, that thyristors will not be possible due to an inability to build up sufficient
charge in thick drift layers. At Al concentrations >0.5, the AIGaN is indirect, but little
information is available on lifetimes in the material. As a first step to building these devices,

Ren et al. recently demonstrated a GaN/AIGaN HBT capable of operation at 2300”C.

Packaging and thermal management will be a key part of future power devices. For
current Si IGBTs, there are two basic package types – the first is a standard attached die, wire
bond package utilizing soft-solder and wire-bonds as contacts, while the second is the
presspack, which employs dry-pressed contacts for both electrical and thermal paths. In the
classical package the IGBTs and control diodes are soldered onto ceramic substrates, such as
AIN, which provide electrical insulation, and this in turn is mounted to a heat sink (typically
Cu). Thick Al wires (500 ~m) are used for electrical connections, while silicone gel fills the
package. In the newer presspack style, the IGBT and diode are clamped between Cu
electrodes, buffered by materials such as molybdenum or composites whose purpose is to
account for the thermal expansion coefficient differences between Si and Cu. The package is
again filled with gel for electrical insulation and corrosion resistance.

There are numerous advantages of the AiGaInN system for high power electronics,
including wide bandgaps for high voltage and temperature operation, good transport
properties, the availability of heterostructures and finally the experience base accumulated
during the development of nitride-based light-emitting diodes and lasers. Most of the work
on nitride-based electronics has focused on AIGaN/GaN high electron mobility transistors for
power microwave applications [1-6], but there are potential advantages to the use of bipolar
transistors (either heterojunction bipolar transistors or bipolar junction transistors) in some
applications because of their higher current densities, better linearity and more uniform
threshold voltages. GaN/AIGaN bipolar transistors are an attractive option for various
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satellite, radar and communications applications in the 1-5 GHz frequency range, at
temperatures XOO”C and powers >100 Watts. Traditional Si-based technologies cannot
support such requirements, but the wide bandgap GaN materials system is capable of
reaching this performance level. A summary of progress in GaN electronics is given in Table
I. .

In addition there is a strong interest in developing high current, high voltage switches
in the AIGaN materials system for applications in the transmission and distribution of electric
power and in the electrical sub-systems of emerging vehicle, ship and aircraft technology. It
is expected that packaged switches made from AIGaN may operate at temperatures in excess
of 250”C without liquid cooling, thereby reducing system complexity, weight and cost. In
terms of voltage requirements, there is a strong need for power quality enhancement in the
13.8kV class, while it is estimated that availability of 20-25 kV switches in a single unit
would cause a sharp drop in the cost of power flow control circuits. Schottky and p-i-n
rectifiers are an attractive vehicle for demonstrating the high voltage performance of different
materials systems and blocking voltages from 3-5.9 kV have been reported in SiC devices.
The reverse leakage current in Schottky rectifiers is generally far higher than expected from
thermionic emission, most likely due to defect states around the contact periphery. To reduce
this leakage current and prevent breakdown by surface flash-over, edge termination
techniques such as guard rings, field plates, beveling or surface ion implantation are
necessary. However in the few GaN rectifiers reported so far, there has been little effort on
employing edge termination methods and no investigation of the effect of increasing the
bandgap by use of AIGaN.

In this paper we will detail recent results in GaN power electronic devices, including
Schottky rectifiers, HBTs, BJTs, MOSFETS and HEMTs. The pace of advancement of these
technologies has been remarkably rapid in the past 2 years.

GaN RECTIFIERS

For these devices, the GaN was grown on c-plane A1Z03 substrates by Metal Organic
Chemical Vapor Deposition using trimethylgallium and ammonia as the precursors. For
vertically-depleting devices, the structure consisted of a 1pm n+ (3x1018 cm-s, Si-doped)
contact layer, followed by undoped (n=2.5x 1016cm-3) blocking layers which ranged from 3-

1lpm thick. These samples were formed into mesa diodes using Inductively Coupled Plasma
etching with Clz/Ar discharges (300 W source power, 40 W rf chuck power). The dc self-
bias during etching was –85 V. To remove residual dry etch damage, the samples were
annealed under Nz at 8Q0°C for 30 sees. Ohmic contacts were formed by lift-off of e-beam
evaporated Ti/Al, annealed at 700”C for 30 sees under Nz to minimize the contact resistance.
Finally, the rectifying contacts were formed

diameters of 60- 1100ym were examined.
by lift-off of e-beam evaporated Pt/Au. Contact
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Table I. Historical development of GaN-based electronics.

i’ear I Event I Authors I-.. . .-. —...--—

i969 &N by hydride vapor phase epitaxy Maruska and Tietjen
1971 MIS LEDs Pankove et al.

.. GaN by MOCVD Manasevit et al.
I974 GaN by MBE Akasaki and Hayashi
1983 AIN intermediate layer by MBE Yoshida et al.
1986 Specular films using AIN buffer Amano et al.
1989 p-type Mg-doped GaN by LEEBI and GaN p-n junction Amano et al.

LED 1

1991 GaN buffer layer by MOCVD Nakamura
1992 Mg activation by thermal annealing Nakamura et al.

AIGaN/GaNtwo-dimensional electron gas Khan et al.
1993 GaN MESFET Khan et al.

AIGaN/GaNHEMT Khan et al.
Theoretical prediction of piezoelectric effect in Bykhovski et al.
AIGaN/GaN

1994 InGaN/AIGaNDH blue LEDs (1 cd) Nakamura et al.
Microwave GaN MESFET Binari et al.
Microwave HFET, MISFET Binari et al.; Khan et al.
GaN/SiC HBT Pankove et al.

I995 AIGaN/GaNHEMT by MBE Ozgur et al.
1996 Doped channel AIGaN/GaNHEMT Khan et al.

Ion-implanted GaN JFET Zolper et al.
340 V V~~AIGaN/GaNHEMT Wu et al.
I‘tblue laser diode Nakamura and Fosal

1997 Quantification of piezoelectriceffect Asbeck et al.
AIGaN/GaNHEMT on SiC Binari et al.; Ping et al.

Gaska et al.
1.4w@4GHz Thibeault et al.
0.85 W @ 10GHz Siram et al.
3.1 W/mm at 18GHz Wu et al.

1998 3.3 w Sullivan et al.
p/n junction in LEO GaN Kozodoy et al.
HEMT in LEO GaN Mishra et al.
6.8 W/mm (4 W) @ 10 GHz HEMT on SiC Sheppard et al.
10-4Hooge factor for HEMT on Sic , Levinshtein et al.
1“ AIGaN/GaNHBT McCarthy et al.

Ren et al.
1‘[GaN MOSFET Ren et al.

1999 9.1 W/mm @ 10GHz HEMT on SiC Mishra et al.
GaN BJT (npn) Yoshida et al.

2000 4.3 kV AIGaNrectifier Zhang et al.
pnp GaN/AIGaNHBT Zhang et al.
pnp GaN BJT Zhang et al.



For laterally-depleting devices, the structure consisted of -3pm of r$sistive ( 1070hms
per square) GaN. To form ohmic contacts, Si+ was implanted at 5X1014 cm--, 50 keV into the
contact region and activated by annealing at 150°C for 10 sees under Nz. The resulting n-
type carrier concentration was lx 1019cm-3. The ohmic and rectifying contact metallization
was the same as described above.

Three different edge termination techniques were investigated for the planar diodes:
(i) use of a p-guard ring formed by Mg+ implantation at the edge of the Schottky barrier

metal. In these diodes the rectifying contact diameter was held constant at 124pm, while

the distance of the edge of this contact from the edge of the ohmic contact was 30pm in
all cases.

(ii) use of p-floating field rings of width 5~m to extend the depletion boundary along the
surface of the SiOz dielectric, which reduces the electric field crowding at the edge of this

boundary. In these structures a 10pm wide p-guard ring was used, and 1-3 floating field
rings employed.

(iii)use of junction barrier controlled Schottky (JBS) rectifiers, i.e. a Schottky rectifier
structure with a p-rI junction grid integrated into its drift region.

In all of the edge-teminated devices the Schottky barrier metal was extended over an
oxide layer at the edge to further minimize the field crowding, and the guard and field rings
formed by M:+ implantation and 1100°C annealing.

Figure 1 (left) shows a schematic of the planar diodes fabricated with the p-guard
rings, while the right of the Figure shows the influence of guard ring width on VB at 25°C.
Without any edge termination, V~ is -2300 V for these diodes. The forward turn-on voltage

was in the range 15-50 V, with a best on-resistance of 0.8Qmz. The figure-of-merit
(V~)z/Ro~ was 6.8 MW.cm-z. As the guard-ring width was increased, we observed a
monotonic increase in VB, reaching a value of -3100 V for 30pm wide rings. The flgure-of-
merit was 15.5 MW.cm-z under these conditions. The reverse leakage current of the diodes
was still in the nA range at voltages up to 90% of the breakdown value. Similar results were
obtained with the field rings or JBS control.

The results shown in Figure 1 are convincing evidence that proper design and
implementation of edge termination methods can significantly increase reverse breakdown
voltage in GaN diode rectifiers and will play an important role in applications at the very
highest power levels, For example, the ttiget goals for devices intended to be used for
transmission and distribution of electric power or in single-pulse switching in the subsystem
of hybrid-electric contact vehicles are 25 kV standoff voltage, 2 kA conducting current and
forward voltage drop c2% of the standoff voltage. At these power levels, it is expected that
edge termination techniques will be essential for reproducible operation.
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To place our results in context with reported SiC Schottky diode performance
reported in literature, Figure 2 shows a plot of specific on-resistance versus reverse
breakdown voltage for SiC and GaN diodes, together with the calculated (theoretical)
performance. The 3.1 kV result for GaN reported here is still well below the theoretical
value, indicating that further improvement in processing and materials are needed. Some
reported SiC devices have perfonmmce close to the theoretical limit, reflecting greater
maturity of this technology at present.
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Figure 2. On-resistance versus blocking voltage for SiC and GaN diode rectifiers, The
performance limits and GaN devices are shown by the solid lines.



AIGaN RECTIFIERS

The undoped AIXGal.XN layers were grown by atmospheric pressure Metal Organic
Chemical Vapor Deposition at 104O”C (pure GaN) or 1100”C (AIGaN) on (0001) oriented
sapphire substrates. The precursors were trimethylgallium, trimethlygalurninum and
ammonia, with Hz used as a carrier gas. The growth was performed on either GaN (in the
case of GaN active layers) or AIN (in the case of AIGaN active layers) low temperature

buffers with nominal thickness of 200~. The active layer thickness was -2.5pm in all cases

and the resistivity of these films was of order 107i2cm. To form ohmic contacts in some
cases, Si+ was implanted at 5x 10IA cm-2, 50 keV into the contact region and activated by
annealing at 1150”C for 10 sees under Nz. The contacts were then formed by lift-off of e-
beam evaporated Ti/A1/Pt/Au annealed at 700°C for 30 sees under Nz. The rectifying
contacts were formed by lift-off of e-beam evaporated PtlWAu (diameter 60-1100pm). The
on-resistance of the AIGaN diodes was higher than for pure GaN, due to higher ohmic

contact resistance. The lowest RON achieved was 3.2Qcmz, leading to a figure-of-merit of
-5.5 MW.cm-z.

Figure 3 shows the variation of V~B with Al percentage in the AIGaN active layers of
the rectifiers. In this case we are using the V~B values from diodes without any edge
termination or surface passivation. The calculated bandgaps as a function of Al composition
are also shown, and were obtained from the relation

Eg(x) = EgGaN(l - x) + EgAL’V”x-bx(l – x)

where x is the AIN mole fraction and b is the bowing parameter with value 0.96 eV. Note
that VRB does not increase in linear fashion with bandgap. In a simple theory VRB should
increase as (Eg) I“5, but it has been empirically established that factors such as impact
ionization coefficients and other transport parameters need to be considered and that
consideration of Eg alone is not sufficient to explain measured VRB behavior. The fact the
VRB increases less rapidly with Eg at higher AIN mole fractions may indicate increasing
concentrations of defects that influence the critical field for breakdown.

The reverse I-V characteristics of all of the rectifiers showed ICXV05 over a broad
range of voltage (50-2000 V), indicating that Shockley-Read-Hall recombination is the
dominant transport mechanism. The current density in all devices was in the range 5- IOX10-6
A.cm-z at 2 kV. At low biases (s 25 V) the reverse current was proportional to the perimeter
of the rectifying contact, suggesting that surface contributions are the most important in this
voltage range. For higher biases, the current was proportional to the area of the rectifying
contact. Under these conditions, the main contribution to the reverse current is from under
this contact, i.e. from the bulk of the material. It is likely that the high defect density in
heteroepitaxial GaN is a primary cause of this current.
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Figure 3. Variation of VRB in AIXGal.XN rectifiers without edge termination, as a
junction of Al concentration. The bandgaps for the AIGaN alloys are also
show.

When pushed beyond breakdown, the diodes invariably failed at the edges of the
rectifying contact. As described earlier, the use of metal field plate contact geometries with
SiOz as the insulator and either guard rings or floating field rings significantly increased VB.
These rectifiers generally did not suffer irreversible damage to the contact upon reaching
breakdown and could be re-measured many times.

GaN/AIGaN HETEROJUNCTION BIPOLAR TRANSISTORS

Both npn and pnp HBTs have been fabricated with emitter contact diameters in the
range 50- 100pm. HBT power microwave amplifiers are mostly designed on common-
emitter or common-base operation. The current gain is greater than unity only in the
common-emitter mode, but the common-base mode is attractive because of the possibility of
appreciable power gain obtained through the impedance transformation offered by this
amplifier.

Xnall of our devices we have observed that the saturated collector current was nearly
equal to the emitter current, which indicates high emitter injection efficiency. Gummel plots
showed dc current gains of 15-20 at room temperature. In many of the devices it is difficult
to obtain common-emitter operation due to leakage in the collector-base junction, and at all
temperatures (25-300”C) the junction ideality factors for both emitter-base and collector base
junctions were close to 2, indicative of significant recombination. By removing the base
contact we observed no collector current, which confirms the transistor modulation.

For npn devices the performance is limited by the high base resistnace, which
originates from the deep ionization level of the M~ acceptors. In these devices, we have
achieved maximum current densities of 2.55 kA.cm-- at VBC= 8 V, corresponding to power
densities of 20.4kW.cm-z.
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There ~etwoadvmtages tothepnp configuration for AlG~/G~~Ts. Firstly,
there is a large emitter-base energy bandgap offset than in npn structures, and secondly, the
base resistance will be much lower due to higher doping level achievable in n-type material.
The best pnp HBTs we fabricated can be operated up to current densities of over 2kA”cm-2 at
25. V, corresponding to power densities above 50kW.cm-z. A Gummel plot is shown in
Figtire 4.

Figure 4.
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Gummel plot of pnp HBT with VCB= O.

0

GaN BIPOLAR JUNCTION TRANSISTORS

The epitaxial growth of BJTs is simpler than for HBTs because the emitter layer is
comprised of GaN rather than AIGaN. In our npn devices we have achieved maximum
current densities of 3.6kA-cm-z at a collector-base voltage of 15 V, corresponding to a power
density of 54kW.cm-z. The maximum common-emitter dc current gain was -15 for
temperatures up to 300°C. The operation of both GaN BJTs and GaN/AIGaN HBTs was
simulated using a program based on the drift-diffusion model. This simulation showed that
at low current densities the HBT enjoys and iidvantage due to the conduction band offset, but
that at higher current densities the results converged. This suggests that simple BJTs are
useful as power devices.

The dc characteristics were measured up to a V~c of 65 V in the common-base mode.
A stable current density of 204A.cm-z was run at this voltage, corresponding to a power
density of 40kW.cm-z. These values can clearly be increased by optimized design of the
layer structure and mask layout. The devices showed little fall-off in performance at
temperatures up to 250”C.



GaN METAL OXIDE SEMICONDUCTOR FIELD EFFECT TRANSISTORS

A GaN depletion-mode metal oxide semiconductor ~eld effect transistor was
demonstrated, using GaL03(Gdz03) as the gate dielectric, similar to the approach reported for
GAs and InGaAs. The MOS gate reverse breakdown voltage was >35 V, significantly
higher than obtained using a simple Pt Schottky gate on the same material. A maximum
extrinsic transconductance of 15mS”mm-1 was obtained at VDs = 30 V and device
performance was limited by the contact resistance. A unity current gain cut-off frequency,
fT, and maximum frequency of oscillation, f~~x, of ,3.1 and 10.3 GHz, respectively were
measured at VDs = 25 V and VGs = -20 V. The device performance can be improved by
optimizing the layer structure using a thin and heavily doped channel layer, which will
reduce the contact resistance and enhance the transconductance.

AIGaN/GaN HEMTs

(a) dc perjorrnance. AIGaN/GaN transistor development has followed the material
improvements driven by photonic devices such as LEDs and laser diodes. Table II outlines
the key historical results for this technology.

The first reports of GaN based transistors were by Khan et al. with the demonstration

of a GaN MESFET and an AIGaN/GaN HEMT. Both transistors had gate lengths of 4pm
with the MESFET having a g~ of 23 mS/mm and IDs(max) of -180 rru-Vmm (@ VGs = O V,
VDs = 20 V). The AIGaN/GaN HEMT achieved a g. of 28 mS/mm at 300 K (46 mS/mm at
77 K) and IDs(maX) of -50 mA/mm (@VGs = 0.5 V, VDs = 25 V). The HEMT structure had
a 2DEG mobility of 563 cmzN s at 300 K and 1517 cmzN s at 77 K. The first microwave
results were published by Binari et ai., for a GaN MESFET with a demonstrated ~~of 8 GHz

and aju, of 17 GHz for a gate length of 0.7pm.

Since the early results, significant improvements have been made in material quality
and device processing. AIGaN/GaN 2DEG nobilities up to 2019 cmz/V s have been
reported for growth on 6H-SiC substrates and -1600 cmzN s for growth on sapphire
substrates. The saturation current has been pushed to 1.6 A/mm and the transconductance has
reached 340 mS/mm.

(b) Microwave small and large signal performance. Improvements in the small
signal microwave performance of AiGaN/GaN I-IEMTs has tracked the dc improvements.
The present state-of-the-art for unity current cut-off frequency ~) is 75 GHz by Eastman and
co-workers at Cornell University. Large signal power results for HEMT on SiC substrates
include total power of 9.1 W (2-mm-wide gate) at 10 GHz with 10 dB of gain with a power
density of 6.8 W/mm (4.1 W/mm at 16 GHz) measured on smaller devices. At 18 GHz a



Table 11. AIGaN/GaN HFET device results in reverse chronological order (after B.E.
Foutz, http: //iiiv.tn.coomell.edu/www/foutz/ganhfet.htni).

Gate bD 1 fT fm & rf power
Length
micron micron GHz GHz A/mm Wlmm at GHz mSlmm

0.15 65 80 1.300 1.8at4 300
3 5 0.800 140

0.45 28 114 0.680 6.8 at o 200
(-.7 2 15 4? d 1.100 2.82 at 10 270
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power density of 3.1 W/mm has been achieved on a sapphire substrate. Total power results
have also been pushed up to 7.6 W achieved at 4 GHz for HEMTs grown on sapphire and
flip-chip mounted on AIN carriers) These large signal results, however, are still not up to the
level one would predict from the dc characteristics and the small signal performance of up to
-10 W/mm at 10 GHz. In some cases, the performance shortfall is evident in current and
gain compression at high applied voltages. This compression is due to traps in the band gap,
possibly at the surface, in the AIG,~ barrier, or in the GaN buffer. Presently, the origin of
the traps is still being studied, however, a similar phenomena was observed in the early GaAs
device work and later overcome. In the GaAs case, the traps were due to surface states but
this may not be the same in the AIGaN/GaN system. ‘

(c) Elevated temperature performance. The group III-nitride semiconductors have
been considered an ideal candidate for high temperature electronic devices due to their large
band gap and resulting low thermal carrier generation rate. For this potential to be realized,
defect levels in the band gap must be reduced since they will enhance undesirable dark and
shunt currents. This can be seen in the temperature dependence of conduction reported by
Khan et al., where a AIGaN/GaN HEMT demonstrated a large shunt current apparently
resulting from defect assisted conduction in the GaN buffer layer already at 200°C.
Subsequently a GaN MESFET with an improved semi-insulating buffer was shown by Binari
et al., to maintain reasonable pinch-off characteristics at 400”C. When taken to 500°C, the
MESFET gate electrode began to interact with the GaN surface and irreversibly degrade the
transistor operation. A AIGaN/GaN HEMT has been further pushed to operate at 750”C by
achieving a 1.0 eV activation energy for conduction in the buffer layer and employing a
thermally stable Pt-Au gate contact. More work is needed to optimize such elevated
temperature operation and device optimize such elevated temperature operation and device
packaging will also need to be considered.

SUMMARY

Tremendous progress has been made in advancing the growth, processing and design
of GaN power electronics in recent times. There are as yet no commercially-available
devices and this may take another 3-5 years to occur.
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