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Abstract—Dynamic loadline analysisillustrating the microwave
performance limits of state-of-the-art AIGaN/GaN high electron-
mobility transistors (HEMTs) under pulsed RF biasing and
drive conditions are presented. Calculation of dynamic loadlines
concurrent with load—pull measurements show the increase of
the device RF knee voltage with increasing drain voltage as the
cause of reduced output power-added efficiency (PAE) at high
drain biases. In this study, an 8-GHz saturated output power
of 141 W (9.4 W/mm) is achieved on a 1500 x 0.25 x pum?
AlGaN/GaN HEMT at a pulsed drain bias of Vp = 40 V. The
pulsed-biasconditionsconsidered hereprecludedeviceself-heating
as a mechanism responsible for the lower than expected output
power and decrease in PAE with increasing drain bias. These
data suggest electron trapping associated with the surface of the
device between the gate and drain as the mechanism that limit
the ultimate power, PAE, and linearity of AlGaN/GaN HEMTs.

Index Terms—Dynamic loadline, gallium nitride, high electron-
mobility transistor (HEMT), silicon carbide.

I. INTRODUCTION

LUMINUM gallium nitride/gallium nitride (AlGaN/GaN)

high electron mobility transistor (HEMT) technology has
established itself as a leading competitor for future high-fre-
guency high-power microwave applications. The advantages of
this material system for these applications arise from its wide
bandgap of 3.4 eV coupled with its relatively high saturated
electron velocity of 1.5-2 x 107 cmi/s [1]. Published reports
for these devices demonstrate unprecedented continuous wave
(CW) power densities for GaN HEMTs on sapphire and SiC
substrates [2]-{5]. These reports clearly show the potential
of GaN-based devices for high-frequency high-power appli-
cations. However, few reports illustrate what aspects of this
developing technology (e.g., self-heating, dc—RF dispersion,
breakdown, etc.) still limit the electrical performance of the
devices. In the past, dynamic loadline analysis has been used to
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study the CW performance of GaAs MESFETs and pseudomor-
phic high electron-mobility transistors (pbHEMTS) [6], [7] and
AlGaN/GaN HEMTs [2]. However, until now, this technique
has not been used to study the pulsed RF performance of
AlGaN/GaN HEMTs.

This paper explores the electrical limits of state-of-the
art AlIGaN/GaN HEMTs under pulsed-bias conditions using
Ip—Vp plane dynamic loadline analysis. It first gives a brief
description of the device technology followed by a description
of a load—pull system and technique used to extract dynamic
loadlines at the device plane. The effect of trap-related dc—RF
current dispersion, input power drive, and bias voltage on
power density, power-added efficiency (PAE), and saturation
characteristics are explored based on the determination of drain
current dynamic loadlines measured at 8 GHz. These measured
dynamic loadlines clearly elucidate how the measured RF re-
sponse correlates with the static Ip—Vp curves as a measure of
the degree of dc—RF dispersion. These measured data suggest
a bias-dependent device on resistance as the mechanism for
the observed premature gain compression. A pulsed power of
14.1 W (9.4 W/mm, 43% PAE) was obtained from a single
1500 x 0.25 x um? device at Vp = 40 V, demonstrating
the tremendous electronic potential of the device technology.
However, at this relatively high drain bias, the minimum RF
voltage is approximately 12 V above the measured dc knee
voltage. This suggests that, with future improvements in the
technology, AlGaN/GaN-based transistors have the potential to
deliver even higher power density, PAE, and linearity.

II. DEVICE TECHNOLOGY

Thedevicesin this study are grown by organo-metallic vapor
phase epitaxy on 330-m SiC substrates using the process de-
scribed in [8] and [9]. For these devices, the AlGaN barrier
thickness is 200 A and the aluminum mole fraction is 0.33.
The material is undoped and relies solely on spontaneous and
piezoelectric polarization for provision of the channel charge
[8]. Asshownin[2] and [11], surface passivation of the devices
by an SizN, layer is essential for high power density operation.
The devices considered in this study were passivated using a
1000-A Si3N, layer [10]. Small periphery devices fabricated
using this process have achieved >10-W/mm CW power densi-
tiesat 10 GHz [2]. The 10 x 150 x 0.25 zm? HEMTsthat are
used in thisstudy have agate-to-gate pitch of 50 m. Two-finger
2 x 125 x 0.25 um? devices from the same wafer as this de-
vice have a maximum current of 1.3 A/mm and an extrinsic f.-
of 41 GHz.

0018-9480/03$17.00 © 2003 IEEE
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Fig. 1. Diagram of pulsed load—pull system used for the determination of
pulsed dynamic loadlines.

1. MEASUREMENT SYSTEMAND DATA ANALYSIS

Since it was desired to understand the electrical limits of
the device in the absence of self-heating effects, the pulsed RF
load—pull system of Fig. 1 was realized. Pulses with widths
down to 100 nS are supplied through thedrain biastee. A pulsed
RF input signal is supplied by controlling the synthesized signal
source with the microwave transition analyzer (MTA). In addi-
tion, the MTA also sends atrigger signal to the HP 214 B pulse
generator to synchronize the drain bias with the RF input pul se.
Thegate biasisheld constant using adc power supply. All of the
experimental data presented here use drain-bias pul sewidths of
500 nSwith a 1% duty cycle. These short pulse lengths and duty
cycles prevent self-heating of the device when in operation.

Thedetermination of thedrain { ,—Vp; planedynamicloadline
produced by the device is accomplished by using the channels
of the Hewlett-Packard 708120A MTA, shown schematically
in Fig. 1, as the power sensors of a Maury load—pull system.
During the course of a microwave measurement, the voltage
waveform read by the MTA is transferred from the MTA to
the controlling personal computer (PC). The rms power is
determined by the averaging of up to 100 power readings by
the MTA. In this way, the dlight jitter caused by the pulsed
RF measurement conditions is minimized. Agreement between
this method of measuring the rms power and the rms power
determined by taking the mean of ppuT(t) = vpur(t)inuT(?)
is typically within 0.3 dB. The caculation of vpyr(¢) and
ipyr(t) is accomplished via Fourier analysis of vyTa (), as
explained below.

The determination of vpyur(t) and épyr(t) is accomplished
using the ABC' D parameters of the output circuit that includes
all of the passive components between the DUT and the input
port of the MTA. To this end, the probes, tuner, bias tee,
attenuator, and all intervening cables are characterized at the
fundamental frequency, as well as at the desired number of
harmonic frequencies. The work presented here represents the
nonlinear waveforms produced by the device using the Fourier
components at the fundamental frequency f, and two additional
harmonic frequencies at 2f, and 3f;.
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Fig. 2. Block diagram describing signal processing of MTA data for the
construction of dynamic loadlines.

The frequency-domain relation between the voltage read at
the MTA and the voltage and current at the device probe pads
VDUT(f) and IDUT(f) is glven by

i) =12 o)

Vura(f)
Ivra(f) } @)

where Vyra(f) is the frequency domain representation of
UMTA(t) and IMTA(f) = VMTA(f)/Zo. The ABCD param-
eters of the output circuit are determined from its measured
S-parameters using a standard conversion [12].

While the ABCD parameters of the passive network be-
tweenthe DUT planeand MTA are measured using small-signal
techniques, by considering the ABC' D parameters at the fun-
damental and harmonic frequencies, the large-signal, nonlinear
drain current, and voltage waveforms may be reproduced using
Fourier analysis.

In order to implement the computation of (1) using a digital
computer, a conjugate-symmetric frequency-domain represen-
tation of the ABC D-parameters is required. Using this repre-
sentation of the ABC D-parameters, the voltage and current at
the device plane are computed using (1), as pictured schemati-
cally inFig. 2. Inreality, all of the measured waveform data are
discrete time sequences, Therefore, the discrete time and fre-
quency indexes n and k are used to describe the processing of
thedatain thisfigure. Themultirate signal-processing algorithm
of Fig. 2, based on the DFT of wyra [n] viaafast Fourier trans-
form (FFT) computation, is then used to obtain vpyr[n] and
IDUT [n], the &ampled versions of vpur (t) and iDI_IT(t)-

IV. IMPACT OF RF KNEE VOLTAGE ON DEVICE
SATURATION CHARACTERISTICS

A strong motivation for using AlIGaN/GaN HEMTs in many
applications is the potentia for greater RF power density for a
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Fig. 3. Measured: (a) saturation characteristics and (b) computed dynamic
loadlines for 10 x 150 x 0.25 pm? AlGaN/GaN HEMT a VD = 40V,
VG = —3.75 V under pulsed RF measurement conditions at 8 GHz as a
function of drive (I-V" curves are measured on 2 x 150 x 0.25 pm? HEMT
from same wafer).

given linearity due to the higher power a which the 1-dB gain
compression point P; gg occurs. As shown in [13], P gp iSa
reasonably good indicator of a device's third-order intercept
point. Fig. 3(a) shows saturation characteristics for a 1.5-mm
AlGaN/GaN HEMT at a pulsed bias of Vp = 40 V. For this
device, the 1-dB compression power density is 8.4 W/mm
(12.6 W total, 36% PAE). As can be seen from this figure,
a saturated power density of 9.4 W/mm (14.1 total, 43%
PAE) occurs at 2.5-dB compression. Fig. 3(b) gives further
insight into the mechanism of the premature gain compression.
This figure shows the evolution of the dynamic loadlines
during ~2-dB steps and compares them to measured dc 7-V
characteristics of an adjacent 2 x 150 x 0.25 pm? HEMT
with identical threshold and on-resistance characteristics as
the larger device. Here, a smaller device from the same wafer
was used to measure the dc characteristics to avoid excessive
self-heating during the measurement. From these data, one can
see that the 1-dB compression point occurs just prior to visible
distortion of the loadline. At 2.5-dB compression, the loadline
is significantly distorted. Fourier analysis of the measured
time-domain signal at 2.5-dB compression (14.1 W out) shows

that the signal at the second and third harmonics is 22 and
23 dB below the fundamental frequency power, respectively.
From the graph, it can be seen that the RF knee voltage is
approximately 12 V. Therefore, one would expect less prema
ture gain compression if the dc knee voltage of approximately
4V could be achieved during microwave operation at this bias
point. This increase in knee voltage during RF operation is a
product of the lengthening of the gate—edge depletion region
with bias, as will be discussed in Section V.

V. EFFECT OF DRAIN BIAS ON POWER AND EFFICIENCY

The large off-state breakdown voltage of the AlGaN/GaN
HEMTSs considered in this paper (=70 V) allowsthe use of bias
voltages beyond 30 V for X -band operation. The maximum al-
lowabl e bias centers the operating point in between the RF knee
voltage V.. and the off-state breakdown voltage Vpp and is
given by

Vb < (VD + Vinee)/2- )

At first glance, onewould suppose that the benefit of alarge bias
voltage would be an increased PAE (77,4) dueto alarger voltage
swing compared to the knee voltage. A class-B approximation
to the PAE, calculated from resistive loadlines, takes the form

[14]
o (m — 1) Rioad 1
A 4 (71' - 1)R10ad + 7I_R'on <1 G) ' (3)

This expression shows that, for a constant load impedance, the
PAE should remain constant provided that the on resistance
R, does not increase. If, however, the load impedance is
held constant and R,,,, increases with increasing Vp, the PAE
will decrease. Here, it is assumed that the linear portion of
the Ip—Vp characteristics, not the full channel current, limits
the on-state portion of the loadline.

The trend of lower PAE with increased drain biasis seenin
the experimental data of Fig. 4. As can be seen from Fig. 4(a),
while the output power rises with bias (in this case, from 4 W
aVp=15V1t0141W a Vj = 40 V), the PAE in Fig. 4(b)
stays relatively constant at approximately 50% until it falls to
43% at Vp = 40 V. A comparison of the measured 8-GHz
dynamic loadlines for bias points ranging from 15t0 40 V at a
fixed load impedance of 19+ ;16 isshownin Fig. 5. Theloci of
the loadlines in the on state suggest that the degradation of PAE
isdueto asignificant risein R,,, with increased bias. Ascan be
seen from Fig. 5, thisis due to the change in the attainable RF
knee voltage past the static biasof Vp, = 25 V. Thiswalk-out of
the knee voltage arises from the lengthening of the gate—drain
space—charge region that is controlled by the bias point [15],
[16].

Thisincreasein R, can bethought of an additional bias-de-
pendent drain resistance R, contributing to R, asshownin
the cross-sectional schematic of Fig. 6. Asthe dc biasincreases,
the space charge region between gate and drain increasesin size.
Due to traps in this high-field region, however, this gate—drain
space—charge region cannot respond to microwave frequencies.
The result is an increased drain resistance and resultant higher
knee voltage during microwave operation.
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pulsed-biasing conditionswith VG = —3.75 V at 8 GHz.
V1. DISCUSSION AND CONCLUSION

This paper has used dynamic loadline analysis as a means
of understanding the behavior of state-of-the-art AlGaN/GaN
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Fig. 6. Schematic illustration of bias-dependent drain-resistance model used
to explain the walk-out of knee voltage seen in Figs. 3 and 4.

HEMTSs. Itisseenthat trap effects cause adiscreprancy between
the dc I-V curves and the realized microwave dynamic loadlines
at high drain biases. This limits the performance of the device.
Thissection concludesthis paper with abrief discussion of trap-
ping in the device and a comparison of these results with other
results for both GaN and GaAs technol ogies using the Johnson
figure-of -merit.

A. Roleof Trapsin Limiting Large-Sgnal Performance

Due to the lack of reproducible lattice-matched substrates
and relative immaturity of AlGaN/GaN processing technology,
many bulk and surface defects exist in the device material. Bulk
traps, due primarily to threading dislocationsin the material, re-
duce the sheet carrier concentration of the device by an amount
that depends on the exact dislocation density. Thisis one reason
for thelower current densities observedin AlGaN/GaN HEMTs
grown on sapphire substrates. In addition, these bulk traps give
rise to “drain lag,” which is a source of dispersion in the de-
vice output conductance. For the devices considered here, it
is held that traps at the surface or possibly in the AlGaN bar-
rier or AlIGaN/GaN interface have amore significant impact on
large-signal operation.

As alluded to in Section Il, surface passivation is essential
for abtaining high power densities. Deep level transient spec-
troscopy (DLTS) studies on similar AlGaN/GaN/SiC HEMTs
fabricated at Cornell University, Ithaca, NY, show avery strong
peak in the DLTS signal with an associated energy of 1.4 eV
prior to passivation. After passivation, the magnitude of the peak
a this energy is greatly reduced and the realized microwave
power density improves[17]. This suggeststhat, of the possible
trapping mechanisms, those on the surface have the most dom-
inant effect on device performance.

Improved processing such as a gate recess, wherein the
gate is placed in a notch, may help improve the situation by
moving the channel farther away from the surface. However,
such an improvement often reduces the off-state breakdown
voltage. It is important to note that no evidence of off-state
breakdown-related behavior is seen in the dynamic loadline
data presented here. The achievement of even higher output
power and PAEs for this technology will depend on a tradeoff
between a high breakdown voltage and minimum walk-out of
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TABLE |
COMPARISON OF GaAs AND GaN MATERIAL PARAMETERS [l]
Matertial Eg Ey, Vsat
(eV) (MYV/cm) (c/s)
GaN 3.4 33 2x 10’
GaAs 1.4 0.4 1.8 x 10’

the RF knee voltage. Notwithstanding these nonideal effects,
the power results are on par with the state-of-the-art for
AlGaN/GaN HEM Tswith > 1-mm gate periphery under pul sed
RF measurement conditions.

B. Johnson Figure-of-Merit Assessment of Results

Inthefinal assessment of theseresults, it isinsightful to com-
pare the microwave power performance limits of AlGaN/GaN
HEMTSs to those of more mature GaAs-based technologies.
The Johnson figure-of-merit for power devices [18] gives a
comprehensive answer to the question in terms of the electrical
performance of the devices. An expression for this limit is
given by

vV -Pma.xXc f‘r S Eb1*vsat/27r (4)

where P, is the output power, f, is the transit frequency,
and X. is the capacitive input reactance of the device at the
frequency at which P, is measured. This figure-of-merit
essentialy bounds the watts per unit input capacitance for a
given device f, by the product proportional to the breakdown
field strength of thetransistor material and the saturated vel ocity
of the material. This figure-of-merit quantifies the relative ease
with which technologies can deliver a specific output power at a
given frequency. Fig. 7 compares the Johnson figure-of-merit
for state-of-the-art GaN and GaAs power devices to their
respective theoretical limits based on the material parameters
shown in Table I.

The graph shows large differences between the theoretical
limit for GaAs and GaN technologies and the device results
for the respective technologies. It isimportant to note that both
GaN and GaAs device technology show a similar gap between
the device results and the theoretical maximum for the respec-
tive materials. This finding shows how the learning from the
development of GaAs-based devices over the last three decades
has hel ped the devel opment of GaN move forward very quickly;
work on GaN HEMTs has been largely limited to the last seven
years. In spite of thisrapid progress, much work still remainsto
be done for GaN devicesin terms of: 1) reducing surface trap-
ping effects through process improvements; 2) understanding
the long-term reliability of the devices through increased com-
mercialization efforts; and 3) improving thermal management
of large devices through wafer thinning.

In conclusion, this paper has presented 8-GHz dynamic |oad-
line analysis of state-of-the-art 1.5-mm AlGaN/GaN HEMTs
under pulsed RF conditions. The measured data have suggested
surface trapping as the cause of additional RF on resistance that
causes premature gain compression, limiting the realized PAE
of the devices. Nonetheless, the pulsed output power density
at 8 GHz is unprecedented for competing technol ogies. Further
progress in AlGaN/GaN device fabrication technology will, in
the fullness of time, yield even greater performance advantages
for the technology.
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