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Wide bandgap semiconductors are extremely attractive for the
gamut of power electronics applications from power conditioning to
microwave transmitters for communications and radar. Of the var-
ious materials and device technologies, the AlGaN/GaN high-elec-
tron mobility transistor seems the most promising. This paper at-
tempts to present the status of the technology and the market with a
view of highlighting both the progress and the remaining problems.
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I. INTRODUCTION AND MARKET ANALYSIS

As the market for cellular, personal communications
services, and broad-band access are expanding and third-
generation (3G) mobile systems coming closer to reality,
radio frequency (RF) and microwave power amplifiers are
beginning to be the focus of attention. A variety of power-
amplifier technologies are vying for market share, such as
Si lateral-diffused metal–oxide–semiconductors and bipolar
transistors, GaAs metal–semiconductor field-effect transis-
tors (MESFETs), GaAs (or GaAs/InGaP) heterojunction
bipolar transistors, SiC MESFETs, and GaN high-electron
mobility transistors (HEMTs).

The materials properties of GaN compared to the com-
peting materials is presented in Table 1. The resulting
competitive advantages of GaN devices and amplifiers for
a commercial product are described in Table 2. The first
column states the required performance benchmarks for any
technology for power devices and the second column
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Table 1
Table of Properties of Competing Materials in Power Electronics

lists the enabling feature of GaN-based devices that fulfill
this need.In every single category, GaN devices excel over
conventional technology. The last column summarizes the re-
sulting performance advantages at the system level and to
the customer. The highlighted features offer the most signif-
icant product benefits. The high power per unit width trans-
lates into smaller devices that are not only easier to fabricate,
but also offer much higher impedance. This makes it much
easier to match them to the system, which is often a complex
task with conventional devices in GaAs (for e.g., a matching
ratio ten times larger might be needed for a GaAs transistor,
increasing overall complexity and cost). The high-voltage
feature eliminates or at least reduces the need for voltage
conversion. Commercial systems (e.g., wireless base station)
operate at 28 V and a low-voltage technology would need
voltage step down from 28 V to the required voltage. How-
ever, GaN devices can easily operate at 28 V and poten-
tially up to 42 V. The higher efficiency that results from
this high operating voltage reduces power requirements and
simplifies cooling, an important advantage, since cost and
weight of cooling systems is a significant fraction of the
cost of a high-power microwave transmitter. The nitride tech-
nology is also the critical enabler for blue, green, and white
lighting. The commercial lighting market is a multibillion
dollar market. While some of the requirements for RF and
microwave applications are different (such as the need for a
semiinsulating substrate), there is no doubt that exercising
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Table 2
Competitive Advantages of GaN Devices

(a) (b)

Fig. 1. Historical progress in GaN transistor technology. (a) Power density of AlGaN/GaN HEMTs
versus year. (b) Total power of AlGaN/GaN HEMTs versus year.

overlapping technologies will contribute in driving the de-
velopment cost down of RF components and offer leverage
up to a certain extent.

The rate of progress in the power density and total power
available from AlGaN/GaN HEMTs has been remarkable,
as shown in Fig. 1. This has increased confidence in con-
sidering GaN HEMTs for commercial and Department of
Defense applications, sooner rather than later. GaN HEMTs
have demonstrated one-order higher power density and
higher efficiency over the existing technologies—Si- and
GaAs-based RF and microwave transistors. Thus, for the
same output power, a ten times reduction in device size can

be realized using GaN-based devices in place of conven-
tional devices. The schematic of Fig. 2 illustrates this case,
where a complex module can potentially be replaced by a
smaller module utilizing GaN. In this case, having higher
power per unit die of GaN would not only translate to lower
chip costs, but also contribute to reduced system costs by
reducing/eliminating power combining.

The above technological advantages result from the com-
bination of the wide bandgap of GaN and the availability
of the AlGaN/GaN heterostructure where high voltage,
high current, and low on-resistance can be simultaneously
achieved, resulting in high-power high-efficiency operation.
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Fig. 2. Schematiccomparison illustrating advantages of GaN over existing technology.

Fig. 3. Applicationsfor GaN HEMTs.

Fig. 4. BasicHEMT structure.

Furthermore, the wide bandgap offers a rugged and reliable
technology capable of high-voltage high-temperature op-
eration. This opens up several industrial, automotive, and
aircraft applications, such as power and high-voltage recti-
fiers and converters. Some of the commercial and military
markets that can be targeted by GaN are shown in Fig. 3.

According to a recent survey by Strategies Unlimited, the
total GaN electronic-device market is expected to reach U.S.
$500 million by the end of this decade. RF and microwave
applications are likely to be the largest share of the GaN
device market. The GaN HEMT targets both military and

commercial applications. The former includes radar (ship-
board, airborne, and ground) and high-performance space
electronics. The latter includes base-station transmitters,
band Satcom, – band very small apperture terminal and
broad-bandsatellites, local multipoint distribution systems,
and digital radio.

II. DEVICE STRUCTURE ANDMATERIALS ISSUES

Fig. 4 shows the structure of a basic HEMT. The lack of a
GaN substrate necessitates heteroepitaxy on compatible
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Fig. 5. Crystalstructure of Ga-polarity or Ga-face GaN.

(a) (b)

Fig. 6. (a) Band diagram and (b) piezoelectric polarization versus the lattice constant for (Al,
Ga, In, N) system.

(a)

(b)

Fig. 7. (a) Net positive charge at the AlGaN/GaN interface caused by the sum of the net spontaneous
polarization and piezoelectric polarization between AlGaN and GaN. (b) Net negative charge at the In
GaN–GaN interface caused by the compressive strain resulting from growth of InGa N on GaN.
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(a)

(b)

Fig. 8. (a) Band diagram of the AlGaN–GaN HEMT if the
polarization dipole is partially terminated by a surface hole gas.
(b) Band diagram of the AlGaN–GaN HEMT if the polarization
dipole is partially terminated by a surface deep donor.

substrates, commonly sapphire and SiC, but AlN, Si, and
complex oxides such as LiG may also emerge as viable. The
epitaxial layers may be either grown entirely by molecular
beam epitaxy or metal-organic chemical vapor deposition
(MOCVD) or on a resistive GaN buffer grown by vapor phase
epitaxy, though the latter, currently, is less common. Het-
eroepitaxy on such severely lattice-mismatched substrates
makes the nucleation layer one of the most critical aspects of
the growth. With sapphire as a substrate, the nucleation layer
consists of GaN or AlN deposited at a low temperature (typ-
ically 600 C), which is then heated up to the growth tem-
peratureof the main layer [1]. The GaN and AlGaN layers
are typically grown at 1000 C at growth rates of 1 m/h.
Nucleationon SiC is typically performed using AlN grown
at 900 C [2].

A physical effect that dominates device behavior and may
also determine defect density in the film is the polar nature

Fig. 9. Dispersionbetween the large-signal ac and dc HEMT
characteristics simulated by a 80�s pulse on the gate.

Fig. 10. Proposedmechanism for large-signal dispersion.
Occupancy of surface traps under negative bias.

of the GaN and AlGaN. Fig. 5 shows the crystal structure
of Ga-polarity or Ga-face GaN. Currently, all high-quality
material is grown with this polarity. The sense of the spon-
taneous polarization is indicated on the diagram. The band
diagram and piezoelectric constants versus lattice constant
for the (Al, Ga, In, N) system is shown in Fig. 6. The tensile
strain caused by the growth of AlGa N on GaN results
in a piezoelectric polarization that adds to the net spon-
taneouspolarization in a manner given by [3]

cm

where is the net total polarization. This results in a net
positive charge at the AlGaN/GaN interface, as shown in
Fig. 7(a). The compressive strain caused by the growth of
In Ga N on GaN causes a net negative piezoelectric po-
larizationcharge at the InGa N–GaN interface, as shown
in Fig. 7(b). The magnitude of the charge follows [3]

cm
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Fig. 11. SiN passivation eliminating reduced channel current and higher on-resistance (symptoms
of dispersion).

The built-in polarization dipole can have a maximum mo-
ment approximately equal to , as apparent
from the band diagram in Fig. 8(a). The charge distribution
is then composed of the polarization dipole and an
opposingdipole comprising of a surface hole gas and a
two-dimensional electron gas (2DEG) at the heterointerface

. In practice, experiments [4] have shown that the 2DEG
is induced before a surface hole gas formation by the ioniza-
tion of a deep surface donor resulting in a charge distribution,
shown in Fig. 8(b). Here, the polarization dipole is screened
by the positively charged surface donor (of depth and
concentration ) and the 2DEG.

III. DEVICE FABRICATION AND PERFORMANCE

Device fabrication of the AlGaN/GaN HEMT (shown in
Fig. 4) commences with the definition of the active device
area. This can be either determined by Clmesa-etching [5]
or by the ion implantation [6]. Next, the ohmic contacts are
formed by first, partially etching the AlGaN in the source and
drain regions, depositing the ohmic metals and annealing at
900 C. Though Ti/Al/Ni/Au has been the preferred met-
allurgy [7], Ta-based ohmic contacts [8] are now being in-
vestigated for their improved morphology. Next, the gate is
defined by liftoff of Ni/Au metallurgy. The efficacy of a gate
recess, which is commonly employed in compound semicon-
ductor technology, is currently being investigated in the GaN
system [9]. Device fabrication is completed with a deposition
of a SiN passivation layer. This layer serves a critical purpose

in eliminating dispersion between the large-signal alternating
current (ac) and the direct current (dc) characteristics of the
HEMT. The effect is illustrated in Fig. 9, where the ac curve
is obtained by biasing the device into pinchoff and trying to
recover the full channel current by pulsing the gate on by uti-
lizing a 80- s gate pulse on a curve tracer. The maximum ac
is less than the dc, the difference being referred to as disper-
sion. This effect can be explained (though alternate plausible
explanations are currently being discussed [10]) by the mech-
anism depicted in Fig. 10. When the device is biased into
pinchoff, electrons from the gate are injected into the empty
surface donors required to maintain a 2DEG. Compensation
of these donors reduces the 2DEG. Under ac drive, the elec-
trons cannot respond because of the long-time constant of
the donor traps, resulting in a reduced channel current and
higher on-resistance (symptoms of dispersion). SiN passiva-
tion eliminates this effect, as shown in Fig. 11, though the
exact mechanism is under debate.

IV. DEVICE AND CIRCUIT PERFORMANCE

Typically, AlGaN/GaN HEMTs have demonstrated
high-power densities of 6–9 W/mm both on sapphire and SiC
substrates [11]–[13], approaching a one-order improvement
over conventional HEMTs and confirming the extremely
great potential of this device technology predicted by theory.
However, these power density values were generally achieved
underhighgain compressionof5–9dB,which is an indication
of undesired nonlinearity. This phenomenon can be explained
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Fig. 12. Power performance of a 300-�m-wide AlGaN/GaN HEMT, showing 10.3-W/mm power
density, the highest for any FET of the same size. Gain compression was�3.4 dB; drain bias was
45 V. Device dimension: 300� 0.6 mm .

Fig. 13. Family of power sweeps at 8 GHz with biases of 10, 15, 20, 25, 30, 35, 40 V. A relatively
flat PAE plateau of 56%–62% was achieved through out the wide voltage span. Device dimension:
300� 0.6 mm . Tuning was performed at 35 V for optimum PAE.

by traps, although largely reduced, still existing in these de-
vices. Recently, effort in pursuing higher quality epilayers of
the AlGaN/GaN HEMTs has resulted in significant improve-
ment of the large-signal characteristics. These devices were
grown by MOCVD on semiinsulating SiC substrates. The
epilayers consisted of an insulating GaN buffer and a lightly

doped AlGaN layer to supply charge for the two-dimensional
gas as well as to serve as a Schottky-gate barrier. The Al com-
position was greater than 30%. Special attention was paid to
ensurehighcrystalqualityofall theepilayers.Typicalmobility
was improved to 1500cm/V s frompreviousvaluesaround
1200cm /V s simultaneously with a high 2DEG density of

1028 PROCEEDINGS OF THE IEEE, VOL. 90, NO. 6, JUNE 2002

Page 7 of 10



Fig. 14. Photoof a 50-W GaN-based flip-chip amplifier IC incorporating a 8-mm AlGaN/GaN
HEMT. Circuit size is about 10 mm� 7 mm.

1–1.2 10 cm . The gatelength was 0.6m, obtained by
opticalstepper lithography. The gatewidth was 2150 m or
300 m, with a U-shape layout.

Thedevices showed an on-resistance of 2.5-mm (after
subtractionof the resistance due to the wire and probes) and
a current density of 1 A/mm. The breakdown voltage was

80 V. The current-gain and power-gain cutoff frequencies
were 25 and 60 GHz, respectively. An ATN Microwave
load-pull system was used for large-signal characterization
at 8 GHz. Fig. 12 shows the onwafer measurement result of a
300- m-wide device when tuned for power. A power density
of 10.3 W/mm was achieved along with 42% power-added
efficiency (PAE). This increased power density was obtained
at a reduced gain compression of 3.4 dB, which is attributed to
reduction of trapping effect due to improved epi quality and
surfacepassivation.Since the trappingeffect deteriorates with
increased electric field or bias voltage for a specific device
dimension, performance of the devices as a function of bias
voltage can be used as a valid measure of this phenomenon.
Fig. 13 shows the measurement results of the AlGaN/GaN
HEMTs under a wide voltage bias range from 10 to 40 V,
where the tuning was for optimum efficiency. It is seen that
a relatively flat PAE plateau of 56%–62% was achieved
throughout the wide voltage span, illustrating flexibility of
power-supply requirement for various applications. Simul-
taneously high-power density of 8.3 W/mm and PAE of 57%
were obtained at 40-V bias. The ability to achieve a high PAE
at such a high bias voltage confirms the reduction of trapping
effect with these devices. Obtaining a high PAE simultane-
ously with high power is essential for system insertion since
dealing with the heat generated in inefficient amplifiers could
be prohibitively difficult.

V. GaN-BASED AMPLIFIERS

The design of a GaN-based power amplifier is signifi-
cantly different from the conventional GaAs-based one in a

Fig. 15. I–V characteristicsof the 8-mm AlGaN/GaN HEMT,
showing a maximum current level of 8 A. Most of the apparent
on-resistance was due to the resistance of wire and probes.

sense that both the input and output impedance transforma-
tion ratios are drastically reduced for the same output power
rating. With a gate length of 0.6m, maximum drain current
of 1 A/mm, and a breakdown voltage of 80 V, an AlGaN/GaN
HEMT typically shows an input capacitance of 2.7 pF/mm,
similar to that of a GaAs-based HEMT, while the optimum
output load is 75 mm, about two times that of a GaAs
HEMT. Since the GaN HEMT offers ten times the power
density for the same output power, the input transformation
ratio is ten times less, while the output is twenty times less
than a GaAs HEMT. For high-power amplifiers where multi-
millimeter to centimeter gate peripheries are needed, this re-
duction in impedance transformation translates to great cir-
cuit matching simplicity. Another design difference lies in
the high operation voltage of these devices, which requires
higher voltage ratings of the onchip capacitors.
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Fig. 16. Power sweep of the GaN FC-IC at 6 GHz, showing a peak output of 47.1 dB or 51 W, the
highest achieved for an 8-mm solid-state FET to date.

A -band power amplifier is illustrated below to show
the benefit of using the AlGaN/GaN HEMT. Taking into
account device nonuniformity, drive nonuniformity and
circuit loss, a total gate periphery of 8 mm was chosen
to achieve a design goal of 50-W output. At the input, a
capacitance–inductance–equilibrium–resistance network
was used to convert the capacitive gate impedance to a real
value of about 1.5 within the bandwidth. This was then
transformedto the 50- input impedance by a multiple
network. At the output, the power load for the 8-mm-wide
device was about 7.5 W (assuming a bias of 35 V and a
knee voltage of 5 V), which was transformed to the 50-W
circuit output. The circuit was laid out in a coplanar-wave
transmission line system and constructed using a flip-chip
integrated-circuit scheme (FC-IC). The circuit substrate
was AlN, on which all metal–insulator–metal capacitors,
metal resistors, and air-bridge interconnects were fabricated
as integrated components. The devices were diced and
flip-chip-bonded onto the circuit substrates for optimum
electrical and thermal interfacing. The finished FC-IC
amplifier is shown in Fig. 14. The output characteristics of
the device are shown in Fig. 15. The maximum current of
8 A indicates satisfactory electrical scaling, which is crucial
for achieving desired output power. The amplifier exhibited
a midband small-signal gain 14.5 dB when biased above
25 V, close to the simulation result of 16 dB. Pulsed-power
measurement was performed using 0.5-mS pulsewidth and
5% duty cycle. The output power at 6 GHz was 35 W
when biased at 29 V, which increased to 49 W at 38 V. At
39 V, an output power of 51 W at 6 GHz was recorded
as shown in Fig. 16. This represents a remarkable power

level for a solid-state FET with a gatewidth of only 8 mm.
The corresponding power density was 6.4 W/mm. For the
same output value in the conventional GaAs-based FET
technology, either a HEMT or a MESFET, the device gate
periphery would have been 80 mm and require a challenging
input impedance transformation from 0.15 to 50!

VI. SUMMARY AND CONCLUSION

While GaN device and circuit technology is likely poised
to break out in the commercial arena, certain risks or barriers
to entry in the market should not be overlooked. The relative
technology immaturity of GaN with respect to Silicon and
GaAs leave issues like long-term reliability unanswered. The
market pull in the acceptance of a new technology might be
weak. For example, it might be difficult to get into the design
cycles of some of the products like 3G base-station amplifiers
early enough to be the technology of choice when these sys-
tems are eventually deployed. Finally, the relative high ini-
tial cost will continue to be an issue. Most of the promising
results for GaN have been achieved on semiinsulating SiC
substrates, which are currently commercially available only
at 2-in diameter. However, wafer vendors are aggressively
working on higher diameter wafers.

With all of these in mind, the overall performance advan-
tages for early insertion of GaN will have to be compelling
to justify the higher cost product. Initially, GaN will be
a replacement technology and vie to take markets from
existing technologies including existing solid-state Si- and
GaAs-based solutions, as well as high-power microwave
vacuum tubes. Ultimately, the compact size of GaN-based
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transistors will lead to lower cost products. This will in-
creasesystem efficiency, reduce system costs, and expand
the market applications.
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