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Linearity Characteristics of Microwave-Power
GaN HEMTs

Walter Nagy, Member, |EEE, Jeff Brown, Member, |EEE, Ricardo Borges, Member, IEEE, and Sameer Singhal

Abstract—The RF linearity of a 9-mm 10-W GaN high electron-
mobility transistor (HEMT) grown on a 100-mm silicon substrate
is presented. The quantitative results display promising device
linearity as measured by intermodulation distortion and adjacent
channel power ratio at 2.0 GHz for various power backoff levels
and different quiescent points. These initial results demonstrate
that larger periphery GaN HEMTs grown on silicon provide
device linearity commensurate with current semiconductor device
technology used for power-amplifier applications.

Index Terms—GaN high electron-mobility transistor (HEMTS),
linearity, RF power transistors.

I. INTRODUCTION

S WIRELESS communication technology moves for-

ward, the power and linearity performance requirements
placed upon the power amplifiers in these systems grow more
difficult to meet. Currently, silicon LDMOS power transistors
are the output devices of choice for base-station power am-
plifiers, but as the limits of operability of these devices are
reached, there will be a need for a semiconductor material that
can fulfill the high-frequency and high-power requirements of
the third generation of wireless technology.

Galium nitride and its related alloys are widely ac-
knowledged as prime candidates for high-power microwave
applications dueto their high breakdown field (3 MV/cm), high
electron saturation velocity (2.5 x 107 cm/s), and high oper-
ating temperature. The associated AlGaN/GaN heterostructure
system, enhanced by the spontaneous and piezoelectric
polarization present in the heterostructure [1], [2], yields
two-dimensional electron gases (2 DEGs) with high sheet
charge concentration (in excess of 10* cm~2) and electron
mobility (up to 2000 cm?/V - s). The impressive electronic
properties of these materials have been exploited in the form of
high electron-mobility transistor (HEMT) structuresto generate
record-output power densities at the X - and Ku-band [3], [4].

Il. GaN HEMT STRUCTURE

Historically, GaN RF power devices have been grown het-
eroepitaxially upon non-GaN substrate material such as SiC or
sapphire with some significant advances made recently with
silicon substrates [5]. All the device data presented in this
paper consists of GaN HEMTs grown on 100-mm Si sub-
strates, which are consistent with a device cross section, as
shownin Fig. 1. The undoped GaN isgrown on Si(111) wafers
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Fig. 1. Device cross section of a GaN HEMT.

using atransition layer to accommodate the thermal expansion
and lattice mismatch between the GaN and Si. Following the
transition layer, a GaN buffer layer is grown and then the
heterostructure field-effect transistor (HFET) structure. The
HFET structure consists of an Alg.23Gag.7zN spacer layer,
an Alg.23Gag 77N doped region (2 x 10'® Si cm~3), and an
undoped Alg.23Gag 77N region, followed by a GaN cap.

The device layout investigated for this paper is a 9-mm gate
periphery transistor. The device hasa 1.0-,m gate length with a
source—gate spacing of 1 x«m and a gate—drain spacing of 3 z:m.
Thedesignincludes 30 fingers, each having a300-,:m gatewidth
with a 25-um pitch separating adjacent gate fingers. The mul-
tiplefingersare connected using aplated air-bridge process con-
sisting of 3-pum-thick gold. The conservative device structure
and the layout were chosen to ensure reproducibility and uni-
formity of device performance both across the wafer and from
wafer towafer. A photograph of the 9-mm GaN transistor layout
is shown in Fig. 2.

I1l. DC MEASUREMENTS

Pulsed current—voltage measurements were conducted on a
9-mm GaN HEMT at room temperature. Fig. 3 showsthe pulsed
IV measurements for five different gate biases and, as evident
from the data, the device operates as a depl etion mode transistor
and pinchesoff near —3.0V onthegate. The 9-mm devicedraws
acurrent of 4.5 A or 500 mA/mm of periphery when the gate
voltage is set to zero.

Fig. 4 depicts the transfer characteristics of the same GaN
HEMT with afixed drain voltage of 7 V. Notethe peak transcon-
ductanceis 166 mS/mm or 1.50 Sfor the 9-mm device. Both the
shape and magnitude of the transconductance can be enhanced
with optimization of the device structure.
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Fig. 2. Layout of the 9-mm GaN HEMT.
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Fig. 3. Pulsed IV characteristics of 9-mm total periphery GaN transistor.
Measurements taken with 300-.s pulsewidth and 1% duty cyclefrom Vy, = 0.
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Fig. 4. Transfer characteristics of 9-mm periphery GaN transistor with
constant drain voltage of 7 V.

IV. EXPERIMENTAL DETAILS

The RF experimental setup depicted in Fig. 5 consists of a
passive load—pull system with independent load and source me-
chanical tuners, external bias T’ s, two independent bias supplies
for the gate and drain, asignal generator, and a solid-state driver
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Fig. 5. Schematic of RF test measurement system.

Fig. 6. Schematic of linearity test measurement system.

amplifier. The signal spectrum is monitored with aspectrum an-
ayzer, while the RF power levels were measured by two peak
power heads and a power meter. The measurement setup was
under computer control during data collection.

For all RF data presented in this paper, the packaged de-
vice-under-test (DUT) had its input and output impedance's
conjugate matched by the tuners to achieve maximum power
gain with the input impedance matching and maximum power
transfer with the output impedance matching. The DUT was
mounted on awater-cooled test fixture whose base temperature
was maintained at ambient during data collection.

The test setup for performing linearity measurements, as
depictedin Fig. 6, isaslight modification of the previous setup,
in which the latter consists of two sets of signal generators
and power amplifiers for intermodulation distortion (IMD)
measurements, while only one set is used for the adjacent
channel power ratio (ACPR) data collection. Both the signa
generator and spectrum analyzer are under computer control
during linearity data collection.

An RF power sweep yields basic RF performance data and
was collected with the setup depicted in Fig. 5. The RF input
power was swept from 13 to 31 dBm, the output power, gain,
and power-added efficiency (PAE) were collected at 2.0 GHz
for the 9-mm device, as shownin Fig. 7. Under class-AB opera-
tion, the GaN HEMT yielded 10 W of RF power at the 1-dB gain
compression point, which corresponds to slightly more than
1.1 W/mm, 13-dB gain, and a peak PAE of 34%. We antici-
pate these performance parameters will improve with further
understanding of GaN device physics, the optimization of de-
vice layout, and continued process improvements in growing
GaN on silicon.
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Fig. 7. RF power sweep of a9-mm periphery GaN HEMT at 2.00 GHz and a
Vas = 15 V exhibitsa P, 45 of 10 W, a 13-dB gain, and 34% PAE. Class-AB
operation.

The power density was maintained at 1.1 W/mm, which isa
lower value than is typically shown for other GaN devices, in
order to maintain an operating junction temperature of lessthan
200 °C for the larger periphery devices [6].

V. LINEARITY OF GaN HEMTs

Wider bandwidth communication protocols such as EDGE
and W-CDMA have stringent microwave signa linearity re-
quirements, which directly impactsthe linearity performance of
the main base-station power amplifiers. In order to meet these
demanding linearity requirements, circuit-level linearization
techniques such as feedforward and digital predistortion are
commonly implemented, but more linear power transistors
are desirable to simplify system design [7]. For example,
sufficiently linear power transistors can reduce the complexity
of feedforward correction loops or eliminate them altogether
in favor of less complex and lower cost digital predistortion
correction.

AlGaN/GaN HEMTs comprise several key attributes toward
realizing high-linearity devices. These include wide bandgaps,
good transport properties, high breakdown fields, and the ability
to redlize heterostructures[1], [4], [5]. Thefirst reported results
on the linearity of GaN HEMTSs displayed a third-order IMD
product 27 dB below thecarrier at P; ap [4] in class-A operation
at 10 GHz, for a device structure grown on an SiC substrate.

In atheoretical context, an ideally linear FET device would
possess constant drain transconductance over a wide range of
input gate-source voltages, i.e., the I,—V,, relation would be
perfectly linear in the region between pinchoff and forward gate
turn on. In addition, the 14—V, relation would have vanishing
knee voltage and output conductance.

As previously shown in Fig. 4, the actua 1,—V;, relation has
“soft” transition regions from sub-threshold up to current satu-
ration, leading to a transconductance profile with a diminished,
or perhaps even nonexistent, constant region. Readlistic device
transconductance profiles make linearity analysis mathemati-
cally difficult or even intractable. Still, approximate treatments
can shed some light on the major trends and contributors. Pre-

viously published Volterra-series analysis using GaAs power
FETs showed that the third-order intermodulation products are
roughly inversely proportional to the fourth power of the drain
transconductance [8].
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Consequently, AlGaN/GaN HEMTs typicaly have peak
drain transconductances in the 150-200-mS/mm range, a
figure comparable to GaAs HFETSs [7] and 34 times higher
than S LDMOS or SIC MESFETSs [10], [11], suggesting that
AlGaN/GaN HEMTSs should potentially exhibit significantly
better linearity than Si LDMOS or SiC MESFETSs.

V1. LINEARITY MEASUREMENTS

The linearity data was collected at a fundamental frequency
of 2.00 GHz, aV,, of 15V, and three different bias pointsall in
class AB.

1) IMD: Forthetwo-toneIMD data, thefirst frequency tone
(f1) was set at 2.00 GHz and the second tone (f>) was offset
100 kHz relative to the first. Thethird-order IMD is determined
by taking the maximum output power level of the largest third-
order sideband and dividing by the output power level of the
smallest tone, thus creating a carrier-to-intermodulation ratio.
This data is collected as the input power level is reduced such
that an IMD versus power backoff curveis generated.

The maximum input power level for each of the two tones
was established by determining the input power level of asingle
tonethat resultsinthe device' s 1-dB compression point and then
backing off 6 dB from this input level. The resulting two-tone
output power level is the peak envelope power (PEP) [12]. To
generate the IMD curvein Fig. 8, the power level of both tones
were simultaneously backed off from the maximum value by
equal amounts, always being within 0.2 dB of each other.

The third-order IMD was measured as a function of power
back off from the 1-dB compression point for three different
bias points, as shown in Fig. 8. The IMD product for al bias
points can be seen to be very promising; for a 600-mA I, the
IMD linearity is—27 dBcat P, 4p and —48 dBc at 10-dB power
backoff and is approximately equal to the 2: 1 slopethat one ex-
pects from a simple Volterra-series representation of linearity.
For, a800-mA I4,, theIMD linearity at P; qp also beginsat ap-
proximately —27 dBc and is —51 dBc at 10-dB power backoff,
which is 3 dB better than the previous case. This correspondsto
arolloff that is dlightly greater than the typical 2: 1 IMD slope.

However, for a 1100-mA Iy, the IMD linearity at P; g IS
—25 dBc, which is worse than the previous cases, but at 10 dB
power backoff is —53 dBc, which is better than the previous
cases. Thisdataimpliesthat thelinearity of a9-mm GaN HEM T
is much better than the typical 2:1 IMD dlope from a simple
Volterra-series representation of linearity.

2) ACPR. ACPRisanocther linearity measurement typically
performed on power transi stors, which empl oysamore sophisti-
cated digital modulation schemethat more accurately represents
modern wireless digital communication system as compared to
the two-tone IMD measurement. The spectrum of awide-band
CDMA waveformis shown in Fig. 9.
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Fig. 9. ACPR for aW-CDMA waveform. ACPR is determined by taking the
ratio of the larger of the two energy sidebands and dividing by the total energy
in the passhand.

An ACPR measurement is analogous to an IMD measure-
ment whereby the ratio of the larger of the two integrated side-
band energiesisdivided by the integrated passband energy. The
bandwidth of integration is 3.84 MHz and the center spacing of
the upper and lower bands relative to the passband is 5.0 MHz,
which is the channel spacingin aW-CDMA system.

Fig. 10 depicts preliminary ACPR data from the 9-mm GaN
HEMT measured in a load—pull system for three different
bias points. The load—pull-based ACPR measurements utilized
external bias-T's, which yield poorer ACPR results than if the
same measurements were taken from a impedance-matched
board with integrated biasing providing more idea dc—RF
decoupling.

At a average output power level of 2 W, which is a 7-dB
backoff from the continuous wave (CW) P, 45 level, but
less backoff from the P, 4 of the W-CDMA waveform, the
ACPR varied between —31.5 dBc to —33.5 dBc, while at
10-dB power backoff, the ACPR varied from —33.5 dBc for
a 600-mA I, to —37 dBc for the 800- and 1100-mA Iy,.
The upper and lower ACPR bands were within 1 dB of each

663

IS
[

I T I

k| O I3q=800mA | + o+ ]
] © qu=1100mANi ' _____
N o o o ]

ACPR (dBc)
w
o

I 1
L T T
Pavg Power Backoff W-CDMA (dBc)

Fig. 10. W-CDMA ACPR data versus power backoff for 9-mm device at
2.00 GHz with Vs = 15V, T4, = 1100 mA (~25% Idss), I4, = 800 mA
(~18% Idss), and Iy, = 600 MA (~14% Idss). The W-CDMA signal was
test model 1 with 64 users and 100% clipping from an Agilent ESG-4437B
signal generator as defined in 3GPP TS 25.141 V5.0.0 (2001-09) section
6.1.1.1. The waveform has a peak to average ratio (PAR) of 8.5 dB @0.1%
probability and 9.8 dB @0.01%.

other for all measurements. Based upon the above data, the
ACPR of the GaN HEMT appears to be less sensitive to bias
current conditions, as compared to LDMOS power transistor
technology. As mentioned previously, we anticipate GaN device
linearity will improve with further understanding of GaN device
physics, the optimization of devicelayout, and continued process
improvements in growing GaN on silicon.

More recently, the authors have built and tested a number
of larger 18-mm devices operating at a higher drain voltage
of 28 V. These devices provide similar gain, efficiency, and
power density as the 9-mm devices. Moreover, IMD and
ACPR measurements were performed on these devices when
they were mounted in an impedance-matched test board with
integrated bias networks, thereby providing good dc—RF
decoupling. This test setup proved to be much more favorable
to ACPR measurements and resulted in ACPR data of —45 dBc
a 7-dB backoff (average power of 2.0 W) from the W-CDMA
compression point. The W-CDMA signal was generated on
an Agilent ESG-4437B using test model 1 with 64 users and
100% clipping, the quiescent point was set at 28 V and the 14,
was 1.0 A.

VI1l. CONCLUSIONS

The structure of a 9-mm periphery GaN HEMT grown
on a 100-mm Si substrate has been described. The dc, RF,
and linearity characteristics as measured by IMD and ACPR
at various power backoff levels and three different quiescent
points at 2.0 GHz have been presented. To the best of the
authors' knowledge, this is the most extensive presentation of
GaN HEMT linearity data.
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