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Thermal Analysis of AlGaN-GaN Power HFETS
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Abstract—In this paper, we present a thermal analysis
of AlGaN-GaN power heterojunction field-effect transistors
(HFETSs). We report the dc, small-signal, large-signal, and noise
performances of AlGaN-GaN HFETs at high temperatures. The
temper ature coefficientsmeasured for GaN HFETsarelower than
that of GaAs pseudomorphic high electron-mobility transistors,
confirming the potential of GaN for high-temperature applica-
tions. In addition, the impact of thermal effects on the device dc,
small-signal, and large-signal characteristicsis quantified using a
set of pulsed and continuous wave measurement setups. Finally,
a thermal model of a GaN field-effect transistor is implemented
to determine design rules to optimize the heat flow and overcome
self-heating. Arguments from a device, circuit, and packaging
per spective are presented.

Index Terms—AlGaN-GaN heterojunction field-effect tran-
sistors (HFETS), high temperature, microwave, thermal effect,
thermal modeling.

I. INTRODUCTION

UE TO GaN intrinsic properties, AlGaN-GaN hetero-

junction field-effect transistors (HFETS) offer important
advantages for many applications in the microwave domain,
including low-noise, high-power, and high-temperature appli-
cations [1], [2]. However, issues such as the reproducibility
of the devices and their reliability still limit their presence in
today’ s electronic systems [3]{6].

Microwave transistors that can operate at high temperatures
without external cooling are required for applicationsin the fol-
lowing domains;

1) aerospace;

2) automotive;

3) mineral exploration;

4) energy production [7].

The materials usualy considered for providing integrated cir-
cuits (ICs) that operate in such severe environments are GaAs
and Si due to their technological maturity. Optimum device
designs for high-temperatures operation have aready been
presented for these technologies [8], [9]. However, GaN-based
electronic devices has received much attention due to their
inherent ability to operate at high temperatures [6], [10]. Due
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to its higher bandgap (3.4 €V), as compared to Si (1.1 eV) and
GaAs (1.4 eV), GaN does not run into intrinsic carrier conduc-
tivity difficulties until temperatures beyond 900 K [7]. In order
to provide areliable GaN technology at high temperatures, it is
necessary to evaluate the high-temperature performances of the
devices from dc to microwave frequencies.

In addition, such a wide bandgap results in high breakdown
fieldsbeneficial for high-power operation; and GaN-based tran-
sistors offer important advantages for microwave power appli-
cations such as phased-array antennas and base stations. How-
ever, due to the very high power densities present in GaN-based
transistors, these devices suffer from self-heating. This parasitic
effect affects the devices performances [11], device reliability
[12], and increases the complexity of the device model. Oper-
ating the transistors during a short period of time allows one
to control the magnitude of the thermal effect [6] and, there-
fore, allows one to assess the impact of self-heating on the de-
vice performances. Additionally, studying devices under pul sed
conditions enables one to build more robust models. Innovative
measurement systems that enable one to characterize the de-
vice low-frequency, small-signal, and large-signal performance
under pulsed wave (PW) have already been presented [6], [13];
they are essential to assess the impact of the thermal effects on
the devices performances.

Mesasurement results enable one to quantify the impact of
thermal effects on an already fabricated transistor. The thermal
effects result from the excess of power to dissipate[12]. Thisis
due to the incapability of the entire system in which the device
is inserted (circuit, board, package, . ..) to drain enough heat
away from the device active region. Since every element of the
system contributes to the overall heat flow, a careful investiga-
tion must be performed to identify the critical points that must
be optimized.

We present in this paper athermal analysis of AlGaN-GaN
power HFET s provided by Cree Lighting, Goleta, CA, and Cor-
nell University, Ithaca, NY. In Section I, we present the degra-
dation of AlGaN-GaN power HFET performances when in-
creasing the temperature of operation up to 540 K. This study
includesthe impact of high temperatures on the current—voltage
characteristics, high-frequency small-signal performances, mi-
crowave large-signal behavior, high-frequency noise, as well
as on the matching conditions. A comparison of the measured
rates with the one reported for GaAs pseudomorphic high elec-
tron-mobility transistor (PbHEMT) technology is also presented.
In Section I11, we quantify the impact of self-heating on the
current—voltage characteristics, small-signal performances, and
large-signal behavior by comparing the characteristics obtained
under PW and continuous wave (CW) mode of operation. Fi-
nally, in Section 1V, we present athermal model of a GaN field-
effect transistor (FET). Simulations run under the CW mode in
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the presence of an RF drive alows us to determine some de-
vice design rules to minimize self-heating. Also, the means to
optimize the heat flow and overcome thermal effects are pre-
sented, with arguments from a device, circuit, and packaging
perspective.

Il. HIGH-TEMPERATURE PERFORMANCES

In this section, we present the degradation of the cur-
rent—voltage characteristics, high-frequency small-signal per-
formances, microwave large-signal behavior, high-frequency
noise, and optimum matching conditions of AlGaN-GaN
HFETs when increasing the temperature of operation from 298
to 540 K.

The transfer characteristics of atransistor lead to the knowl-
edge of the threshold voltage (Vry), saturated drain current
(Ipss), and peak transconductance (peak-( 7). These parame-
ters allow one to compare devices, they are critical to select the
optimum bias point for a specific application [low noise, high
gain, high output power, high power-added efficiency (PAE)],
and they dominate the large-signal behavior of a transistor for
operation below the cutoff frequency (f7). When increasing
the temperature of a two-finger AlGaN-GaN HFET (Lg =
0.35 um, W = 250 um, Ipss ~ 750 mA/mm at 300 K) up to
540 K, Ipss changes at arate of —3.7 mA /10 °C. It resultsin
areduction of the RF swing under large-signal operation, par-
ticipating to the reduction of the saturated RF output power at
high temperatures. Also, the peak-G'5; changes with a rate of
—0.25mS/10°C (Vps = 25 V) that results in a reduction of
the cutoff frequency.

In addition to the stability circle and initial matching con-
dition for maximum output power under large-signal oper-
ation, the small-signal characteristics lead to the determina
tion of the cutoff frequency (fr) and maximum frequency of
oscillation ( fyax). The extrinsic fr of the studied two-finger
devices (Lg = 0.35 um, Wg = 250 pm) is in the 30-GHz
range at 295 K. The product f; x L alows the comparison
of the frequency performances with other devices regardless
of the transistor dimensions. When increasing the temperature
of operation up to 540 K, fr x L decreases with a rate of
0.084 GHz - p:m/10°C (Vps = 25V, Ips = 70 mA). For
the studied devices, this rate results in a decrease of the cutoff
frequency by 0.24 GHz/10 °C. This reduction of fr predicted
from the dc transconductance is associated to a decrease of the
carrier mobility when increasing the temperature.

The high-output power capabilities of GaN-based electronic
devices make them very attractive for commercial and military
applications such as base stations and active phased-array
radars. The power characteristics at 4 GHz of a 12-finger
AlGaN-GaN HFET (Lg = 0.35 um, W = 1.5 mm) have
been measured from 295 to 540 K at Vps = 35V (Fig. 1). At
each temperature, the load and source impedance are tuned
for maximum output power at the 1-dB compression point.
A relatively constant degradation of 0.138 dB/10 °C of the
saturated output power is reported over the entire temperature
range.

One of the primary uses of GaN-based transistors is to re-
place actual GaAs- and vacuum-tube-based microwave power
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Fig. 1. Power characteristics of an AlIGaN-GaN HFET (W = 1.5 mm,
Le = 0.35 pm) at 4 GHz from 295 to 540 K.
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Fig. 2. Minimum noise figure, noise resistance, and associated gain at 3 GHz
of an AlGaN-GaN HFET (W = 250 um, L = 0.35um)from 380to 540K.

amplifiers (PAs) modules in high-power applications [6], [7].
However, AIGaN-GaN HFETSs can aso be used for low-noise
amplifiers (LNA). Due to the inherent high breakdown voltage
of GaN-based transistors, such low-noise devices could operate
reliably without limiter devices, which would significantly
decrease system noise figure and further enhance system
performance. The noise parameters of two-finger AlIGaN-GaN
HFETs (Lg = 0.35 um, W¢ = 250 um) have been measured
at 3 GHz from 380 to 540 K (Fig. 2). The minimum noise
figure (F\in) and noiseresistance (R ) changes with arate of
+0.068 dB/10 °C, and +2.57 £2/10 °C, respectively, while the
associated gain changes by —0.114 dB/10°C (Vps = 25 V,
Ips = 70 mA). The increase of Ry when increasing the
temperature of operation will result in faster degradation of the
noise figure when the source impedance is moved away from
the optimum termination for minimum noise figure.

The knowledge of the modification of the load and source
impedance that corresponds to a specific situation (minimum
noise, maximum output power, or maximum PAE) with thetem-
perature of operation is as critical as the degradation of the de-
vice performances themsel ves since matching networks greatly
impact circuit performances. These optimum matching condi-
tions have been measured from 295 to 540 K during the power
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TABLE |
THERMAL COEFFICIENTS OF AlGaN-GaN HFETs AND GaAs pHEMTs

Thermal coefficient Typical Thermal
of AlGaN/GaN HFETs coefficient
of GaAs pHEMTs
Ipss (mA/10°C) -3.7
Gy, (mS/10°C) -0.25 -1.1
f; (GHz/10°C) -0.24 -0.5
Ps.r (dBm/10°C) -0.14 -0.25
NFyy (dB/10°C) +0.07
Ry (2/10°C) +2.6
Ass. Gain (dB/10°C) -0.114

and noise measurement mentioned earlier. The measured op-
timum reflection coefficientsare almost constant over thewhole
temperature range, which is beneficial to minimize the degrada-
tion of circuit performances over temperature.

Table | shows the variation with the temperature of
AlGaN-GaN HFET and GaAs pHEMT characteristics. It is
noteworthy that the decrease in device performances when
increasing the environmental temperature is smaller for
AlGaN-GaN HFETSs than for devices fabricated using a GaAs
pHEMT technology [8]. For instance, the fr and Psar of
GaAs devices have been reported to change with a rate of
—0.5 GHz/10°C and —0.24 dB/10 °C [8], [9], respectively,
which is larger than the one reported in this study for GaN
devices. However, it is important to mention that degradation
ratesvary with the device layout, structure, and process, making
delicate a strict comparison between technologies. Also, it is
noteworthy that the GaN devices exhibit irreversible degrada-
tion of the current—voltage characteristics after thermal cycling
up to 540 K. The degradation is observed as a permanent shift
of the threshold voltage and a permanent reduction of thedevice
peak transconductance when comparing the characteristics
measured before and after thermal stress. This degradation is
associated with the presence of irreversible mechanisms that
occur in the devices at high temperatures. If only the bandgap
is considered, GaN-based electronic devices could operate up
to 900 K; however, operating at high temperatures enhances all
the degradation processes, and special technological processes
are necessary to achieve a reliable GaN technology for high
temperatures. An in-depth investigation of the metal/semi-
conductor contacts at high temperatures is critical to provide
stability of Schottky and ohmic contacts.

Il1. THERMAL EFFECTS ON THE DEVICES PERFORMANCES

In this section, we quantify the impact of self-heating on the
current—voltage characteristics, small-signal performances, and
large-signal behavior by comparing the characteristics obtained
under PW and CW maodes of operation.
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A. Measurement Setups

The measurement capabilities consist of a dc/pulsed-1V
system, a CW/PW S-parameter setup, and a CW/PW load—pull
characterization bench. All the measurements in this section
have been performed on-wafer and at 298 K. In the case of
pulsed measurement, the current is monitored with a digi-
tizing scope through a current probe and, when necessary,
the RF power is monitored with a peak power meter. All
measurements are achieved at a gate baseline that turns off the
device-under-test (DUT). Both the drain and RF pulsewidth are
shorter and delayed by a few 100 nsin order to be centered in
the gate pulse. Fig. 3 shows a schematic of the characterization
systems implemented. Details about these measurement setups
can be found in [6] and [13].

B. Measurement Results

Fig. 4 illustrates the typical current—voltage characteristics
of atwo-finger AlGaN-GaN HFET with a total gatewidth of
250 m and a gate length of 0.35 um. The characteristics are
measured under continuous and pulsed mode of operation. For
the pulsed stimulus, the pulsewidth is 1 us and the duty cycle
is 1%,; the gate baseline is chosen to turn off the device, and
the drain baselineis 0 V. Under continuous mode of operation,
the device exhibits a negative slope in the Ing(Vps) curves,
which is typical of self-heating. Under pulsed mode of opera-
tion, by using the timing parameters mentioned above, the de-
vice appearsto be free of thermal effects. Thisresultsin higher
drain-to-source current under similar bias condition. Also, itis
noteworthy from the Ips(Vss) and Gy (Vs) curves, that the
threshold voltage (Viry) shifts toward a lower value, and that
the peak-G s is higher and shifts toward higher Vs values
when the device is operating in a heat-free environment. The
measured breakdown voltage for these devices is in the 70-V
range.

Fig. 5 compares the measured f versus Vs obtained under
apulsed and continuous mode of operation. Thetiming parame-
tersused during the PW measurements are sel ected to overcome
most of the self-heating effects in the device. The pulsewidth
of the drain-to-source polarization was 6 ;s and the duty-cycle
was 6%. It is noteworthy that under pulsed operation, the cutoff
frequency increases by approximately 5% compared to the CW
mode. This correlates well with the dc—1V results showing an
increase of dc transconductance when operating under pulsed
mode (see Fig. 4).

Using a pulsed system to measure the RF power charac-
teristics of a device that suffers from self-heating enables to
quantify the thermal effects on the power characteristics. Fig. 6
shows the measured transducer gain of a device under a pulsed
and continuous mode for different bias conditions. For this
measurements, the device was tuned for maximum gain. It is
noteworthy that there is a 3-dB improvement of the gain when
the device operates in an isothermal environment. This result
confirms the improvement in dc transconductance and cutoff
frequency obtained from low-frequency and small-signa
characterization.
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Fig. 5. Comparison of the device cutoff frequency under PW and CW
operation.

IV. TEMPERATURE ANALYSIS
A. Thermal Model

A two-finger GaN FET, with a total gatewidth of 250 ;m
and a gate length of 0.35 m, grown on different substrates
(SIC, Si, and sapphire) is thermally modeled by a stack con-
sisting of an epitaxial GaN layer (thickness = 4 pm), a sub-
strate (thickness = 13 mil), AuSn solder (thickness = 1 mil),

Fig. 6. Comparison of the transducer gain under CW and PW mode
(base temperature = 25 °C).

and a CuMoCu base (thickness = 80 mil). Simulations are per-
formed under CW operation assuming a dissipated power den-
sity of 5 W/mm of gatewidth and a base temperature fixed at
20 °C. The temperature distribution in the various layersis cal-
culated by solving the heat diffusion equation with anisotropic
temperature-dependent thermal conductivities (x) using a fi-
nite-element method. This allows one to access the temperature
distribution at any level inthe device. In Section IV-C, by modi-
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Fig. 7. Heat flow of aGaN FET in: () a conventiona and (b) flip-chip configuration.

fying some geometrical parametersin the device model, we ob-
tain design rules from athermal perspective for optimum device
design.

B. Heat Flow

The presence of self-heating resultsfrom theincapacity of the
system in which the transistor isinserted (devices, board, inter-
face board/device, package, and other fixtures) to drain enough
heat away from the device active region. Since every element
of the system contributes to the overall heat flow, a careful in-
vestigation must be performed to identify the critical pointsthat
must be optimized.

Fig. 7 showsthe main elementsthat contributeto the heat flow
in a conventional and flip-chip configuration. The heat spreads
from the device channel, verticaly in the different layers, and
horizontally through the layers.

In aconventional configuration, the channel temperature can
be approximated by

T.=Q- (Z R;m) + IREF (1)

and, in aflip-chip configuration, the channel temperature can be
approximated by

T, = Q1 RfE + Ther = Q2 - Riqu + Trer - (2)

where R is the thermal resistance associated to each layer,
Trer isthe reference temperature fixed by the environment or
a cooling system, I- is the channel temperature, and @; rep-
resents the heat flow from the device channel to the reference
temperature.

C. Design Rules

Impact of the Host Substrate:  Asillustrated in the results of
Tablell, obtained from CW simulation of atwo-finger GaN FET
(Wea = 250 um, gate— gate pitch = 40 pm, PAE = 50%) with
a5-W/mm power density to dissipate and a base temperature of
20 °C, the selection of an SIC or Si substrate instead of a sap-
phire substrate reduces the channel temperature by over 50%. It

TABLE I
SIMULATED CW CHANNEL TEMPERATURE FOR VARIOUS SUBSTRATES

Substrate Teuanner (W9)]

SiC 78

Si 112

Sapphire 245
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Fig. 8. GaN surface peak temperature as a function of the number of fingers.

is noteworthy that SiC exhibits higher thermal conductivity than
Si, resulting in lower device channel temperature. Also, every-
thing being kept identical in the device structure, reducing the
thickness of the host substrate resultsin|lower thermal resistance
and lower channel temperature.

Impact of the Number of Fingers: The number of fingers di-
rectly impactsthe horizontal heat flow in the buffer layer. Fig. 8
shows the influence of the number of fingers on the channel
temperature of a GaN FET grown on an SIC and Si substrate
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in a conventional configuration. The thermal simulations are
performed under a CW mode with a 5-W/mm power density
to dissipate (gate—gate pitch = 40 um, PAE = 50%). Each
gate finger is 125-um long, the gate pitch is 40 um, and the
reference temperature was fixed at 20 °C. It is noteworthy that
the channel temperature of the center fingers increases when
increasing the number of fingers, and reaches a plateau above
14 fingers. Above 1012 fingers, an additional finger does not
lead to asignificant modification of the horizontal heat flow and,
therefore, does not modify the temperature of the center fingers,
resulting in the observed plateau.

Impact of the Gate Pitch: The device gate pitch directly im-
pacts the horizontal heat flow in the buffer layer. Fig. 9 shows
the influence of the gate pitch on the channel temperature of a
two-finger GaN FET grown on an Si and SiC substratein acon-
ventional configuration. Thethermal simulations are performed
under aCW modewith a5 W/mm of gatewidth power density to
dissipate (PAE = 50%). Each gate finger is 125-;:m long and
the base plateisfixed at 20 °C. It is noteworthy that the channel
temperature decreases by 10% when increasing the gate pitch
from 20 to 80 um.

Impact of the Device PAE: The device PAE is of significant
importance for handhel d applications because it has a great im-
pact on the battery lifetime, however, its role in base stations
or other high-power applications could be considered marginal
since the power supply is not always a major concern for such
systems. Therefore, since GaN-based devices are initidly tar-
geted for high-power applications, the device designs are often
optimized for maximum output power [14]. However, by op-
timizing the device design for maximum PAE instead of max-
imum output power, magnitude of the thermal effects can be
reduced [12]. Since power densities above 10 W/mm have been
reported in this technology, a backoff of a few hundred milli-
watts (resulting from a PAE-oriented device design) still leaves
the devices with a meaningful output power level.

1) Impact of the Circuit Design: Trying to reduce the
thermal effects present in a device by improving the heat dissi-
pation through the selection of appropriate materials and device
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designsis avery natura approach; however, one may question
the role of the circuit design on self-heating. As discussed
earlier and reported in [12], the PAE plays a significant role
in thermal effects since it controls the total power to dissipate
in the device. When designing a PA, the input and output
matching networks are implemented to optimize the transi stor
for acertain behavior. The performance of aPA interm of PAE
can be improved by including harmonic tuning in the design of
the matching networks, therefore, increasing the complexity of
the circuit design resultsin areduction of the thermal effects.
2) Impact of the Mounting Technique: AsseeninFig.7,ina
flip-chip configuration, the heat flow followstwo parallel paths.
Mounting by flip-chip adeviceon avery high thermal conductor
like AIN results in very small overall thermal resistance and
in a reduction of the channel temperature. Circuits using this
technique have already been successfully demonstrated [15].
Also, using the ambient air to maintain the reference temper-
atureresultsin simpler system implementation; however, dueto
the large power densities involved in some applications, it may
be necessary to use an active cooling system to operate at re-
duced temperature and allow the heat to be well dissipated. As
predicted by (1) and (2) and reportedin [6], operating at reduced
temperature overcomes self-heating in power devices.

V. CONCLUSION

The degradation rates with respect to the temperature of
operation of key parameters, extracted from dc, small-signal,
large-signal, and noise measurements have been reported for
AlGaN-GaN HFETs. GaN-based transistors have exhibited
lower degradation rates compared to devices fabricated using
conventional semiconductors, confirming the potential of
wide-bandgap semiconductors for high-temperatures appli-
cations. In addition, thermal effects on AlIGaN-GaN HFETs
dc, smal-signal, and large-signal performances have been
guantified using a set of CW and PW measurement systems.
Finally, we have presented a thermal model of a GaN FET.
It has allowed us to determine design rules to reduce the
temperature in the devices and has led to identifying ways to
improve the thermal management in power devices. Means
to overcome self-heating have been discussed from a device,
circuit, and packaging point-of-view.
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