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Abstract— Aluminum gallium nitride (AlGaN) high elec-
tron mobility transistors (HEMTs) are candidates for next-
generation power conversion and radio frequency (RF)
applications. AlxGa1-x N channel HEMT devices (x = 0.3,
x = 0.7) were investigated using multiple in-situ thermal
characterization methods and electro-thermal simulation.
The thermal conductivity, contact resistivity, and channel
mobility were characterized as a function of temperature
to understand and compare the heat generation profile and
electro-thermal transport within these devices. In contrast
to GaN-based HEMTs, the electrical output characteristics
of Al0.70Ga0.30 N channel HEMTs exhibit remarkably lower
sensitivity to the ambient temperature rise. Also, during
10kHz pulsed operation, the difference in peak tempera-
ture between the AlGaN channel HEMTs and GaN HEMTs
reduced significantly.

Index Terms— AlGaN HEMT, Raman thermography, ther-
moreflectance imaging, electro-thermal characterization.

Manuscript received January 9, 2020; accepted January 21, 2020.
Date of publication January 27, 2020; date of current version
February 25, 2020. This work was supported in part by the AFOSR
Young Investigator Program under Grant FA9550-17-1-0141, in part by
the NSF under Grant DMR-1808900, and in part by the Penn State
NSF-MRSEC Center for Nanoscale Science under Grant DMR 1420620.
Sandia National Laboratories is a multi-mission laboratory managed
and operated by National Technology and Engineering Solutions of
Sandia, LLC, a wholly owned subsidiary of Honeywell International
Inc., for the U.S. Department of Energy’s National Nuclear Security
Administration, under Grant DE-NA0003525. The review of this let-
ter was arranged by Editor D. G. Senesky. (Corresponding author:
Sukwon Choi.)

Bikramjit Chatterjee, James Spencer Lundh, Yiwen Song, Daniel
Shoemaker, Brian Foley, and Sukwon Choi are with the Department of
Mechanical Engineering, The Pennsylvania State University, University
Park, PA 16802 USA (e-mail: sukwon.choi@psu.edu).

Albert G. Baca, Robert J. Kaplar, Thomas E. Beechem, Christopher
Saltonstall, Andrew A. Allerman, Andrew M. Armstrong, and Brianna
A. Klein are with Sandia National Laboratories, Albuquerque, NM
87185 USA.

Anushka Bansal, Disha Talreja, Alexej Pogrebnyakov, Venkatraman
Gopalan, and Joan M. Redwing are with the Department of Materials
Science and Engineering, The Pennsylvania State University, University
Park, PA 16802 USA.

Hamid R. Seyf is with the School of Mechanical Engineering, Purdue
University, West Lafayette, IN 47907 USA.

Eric Heller is with the Materials and Manufacturing Directorate, Air
Force Research Laboratory, Wright-Patterson Air Force Base, OH
45433 USA.

Asegun S. Henry is with the Department of Mechanical Engineering,
Massachusetts Institute of Technology, Cambridge, MA 02139 USA.

Color versions of one or more of the figures in this letter are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LED.2020.2969515

I. INTRODUCTION

ULTRA-WIDE bandgap devices based on AlGaN,
β-Ga2O3, and diamond give promise to surpass GaN

lateral transistors for radio frequency (RF) and power switch-
ing applications [1]. Among these materials, AlGaN uniquely
possesses spontaneous and piezoelectric polarization enabling
HEMTs similar to today’s GaN-based HEMTs but with higher
breakdown voltage (due to the wider bandgap) and lower
intrinsic carrier concentration at high temperatures [2]–[4].
Moreover, the AlGaN system can readily take advantage of
the manufacturing infrastructure for GaN-based commercial
electronic and optoelectronic devices.

While higher Al mole fraction x is favored from a break-
down voltage standpoint, the fabrication of ohmic contact
resistance becomes challenging for wider bandgap materi-
als [3], [5]. Moreover, alloying causes the thermal conduc-
tivity (κ) and channel mobility (µ) to significantly reduce
as compared to those for the binary constituents GaN and
AlN [5]. However, the disadvantage due to smaller low-field
µ can be alleviated by scaling the devices for RF applications
such that the electronic transport is governed by the saturation
velocity (vsat ∼2×107 cm/s) rather than µ [1]. Moreover,
as the low-field µ of the two dimensional electron gas (2DEG)
formed in AlGaN is governed by alloy scattering, the rate of
mobility degradation with temperature for AlGaN is smaller
than that of GaN [1], [3]. This offers a potential benefit to
employ AlGaN instead of GaN in RF applications where the
environment temperature exceeds 200◦C [1]. It is crucial to
understand the implicit interdependence of these variables that
govern the electronic and thermal transport, as any variation
in µ and specific contact resistivity (ρc) have direct impact on
the device heat generation distribution, whereas κ determines
the channel temperature rise, influencing µ and ρc. In response
to this, temperature dependent κ and ρc measurements were
carried out for AlGaN-channel HEMTs with varying Al mole
fraction (the temperature and compositional dependences of µ
have been reported in our previous work [3]). The cumulative
effect of these variables on the heat generation and channel
temperature distributions of AlGaN transmission line measure-
ment (TLM) structures and HEMTs was investigated using
electro-thermal simulation [6], [7] and optical thermography
techniques [8]–[10].

II. DEVICE DESCRIPTION
AlxGa1−xN channel HEMTs (x = 0.3 and x = 0.7)

were grown via metal organic chemical vapor deposition
(MOCVD) on sapphire substrates. The Al mole fraction for the
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Fig. 1. Schematic cross-section of the device types that were studied.

AlyGa1−yN barriers were y = 0.45 and y = 0.85, respectively
(Fig. 1) [4], [11]. Henceforth, these devices will be referred
to as 45/30 and 85/70 HEMTs, respectively. To further inves-
tigate the impact of ohmic contact resistance on the device
electro-thermal performance, the 85/70 HEMTs were designed
with two different levels of source/drain contact resistance
(henceforth referred to as high-Rc and low-Rc HEMTs). The
45/30 and high-Rc 85/70 devices employed planar Ti/Al/Ni/Au
ohmic contacts while the low-Rc 85/70 devices adopted pla-
nar Zr/Al/Mo/Au ohmic contacts [12]. TLM structures with
identical material stack layouts were also fabricated.

III. VARIABLES GOVERNING ELECTRO-THERMAL
TRANSPORT

The κ of MOCVD-grown AlxGa1−xN layers for varying
x were measured via time and frequency domain thermore-
flectance methods [13], [14] and numerically calculated using
the virtual crystal approximation (VCA) model [15], [16].
85 nm Au/Ti metal transducers were deposited on AlxGa1−xN
(1 µm)/AlN (90 nm)/6H-SiC (0001) samples for the mea-
surements. κ was found to drop sharply as the composition
of AlGaN approaches ∼10% (x = 0.1) and then it remains
approximately constant until ∼90% after which it quickly
increases to the AlN κ (Fig. 2(a)). The sharp drop of κ vs. x is
due to strong scattering mechanisms arising from alloying and
is consistent with other measurements of κ in alloys [15], [16].
κ values for single crystal thin film GaN (130 W/mK) and AlN
(240 W/mK) are also shown in Fig. 2(a) [13], [17].

The κ of 30% and 70% Al fraction AlxGa1−xN were mea-
sured for a wide range of temperatures (Fig. 2(b)). At room
temperature, the κ of Al0.3Ga0.7N and Al0.7Ga0.3N were
8.8 ± 0.54 W/mK and 9.7 ± 0.29 W/mK, respectively (added
to Fig. 2(a) for comparison with results obtained from TDTR).
Interestingly, a negligible reduction in κ with increasing tem-
perature is observed for both compositions in contrast to the
κ of GaN and AlN [18]–[20], both of which monotonically
decrease with temperature. The random substitution of Al (Ga)
atoms within the group-III cationic sublattice complicates
the vibrational mode character of the ternary alloy sys-
tem. Accordingly, correlated interactions between phonon-like
propagating vibrational modes and non-propagating modes
such as diffusions [16] result in the weak temperature depen-
dence of the AlGaN κ .

Contact resistances for all devices were measured using
TLM structures. At room temperature, the measured ρc
for the 45/30 TLMs, low-Rc 85/70 TLMs, and high-Rc
85/70 TLMs were 5.83×10−5�-cm2, 8.88×10−4�-cm2, and
1.76×10−3�-cm2, respectively. However, these resistivities
will change due to device self-heating during operation as ρc
is a strong function of temperature, as shown in Fig. 2(c).
The reduction of ρcwith increasing temperature (�T) is
indicative of thermionic emission contributions to conduc-
tion [12]. Change of mobility for the 45/30 and 85/70 HEMTs
were derived from the same measurements (ignoring the

change in 2DEG density with temperature rise as shown
in [3], [21], [22]) and shown in the right-Y axis of Fig. 2(c).
The results show that the rate of reduction in µ for the
85/70 HEMTs is 44% lower than that of the 45/30 HEMTs
for the temperature range of 25◦C to 125◦C. The results agree
with our previous work [3]. All of these trends will affect the
electro-thermal transport of the HEMTs.

IV. HEAT GENERATION AND SELF-HEATING
Fig. 3(a) and (b) show the measured output and transfer

characteristics of the 45/30 and 85/70 HEMTs. To understand
electro-thermal self-heating mechanisms, 3D electro-thermal
models of the tested structures that couple a 2D electrical
model (Synopsys Sentaurus) with a 3D finite element ther-
mal model (COMSOL Multiphysics) [23] were constructed.
Electronic and material properties including bandgap energy
and dielectric constant were adopted from values reported
in literature [3], [24]. Measured values of κ , ρc, and µ
of the AlxGa1−xN materials were used. As can be seen in
Fig. 3(a), the simulated electrical output characteristics show
excellent agreement with measured data. Similar validated
models for TLM structures were used to study the effect of
contact resistance on the distribution of heat generation (q′′′)
along the channel. Due to the >10× higher contact resistance
for the 85/70 TLMs, a much larger fraction (93% for low-
RcTLMs and 97% for high-Rc TLMs) of the total input power
(P = I · V) is dissipated at the drain and source contacts
as compared to the 45/30 TLMs (9%) (Fig. 3(c)). This in
turn leads to a significantly different trend in the temperature
distributions when comparing the 45/30 and 85/70 TLMs as is
observed by thermoreflectance and Raman thermography [25]
results shown in Fig. 3 (d). The 45/30 TLMs exhibit a channel
temperature rise which is 82% higher than their contact
temperature at a power density of 1.59 W/mm. In contrast,
for the same power density, both low Rc and high Rc 85/70
TLMs show comparable channel and contact temperatures.

Fig. 3 (e) shows the q′′′ distributions across the channels
of the 45/30 HEMT and low-Rc 85/70 HEMT for P =
500 mW under identical pinched-off channel conditions
(VGS values were adjusted such that ID values were 50%
of those for fully-open channel conditions) to preclude
bias-dependent variation of the heat generation profile due
to field effects [6], [26]. To account for differences in the
channel width (Wch) and power dissipation in the channel
(Qch) for the two HEMTs, q′′′ has been normalized. Due to
the higher ρc in the 85/70 HEMT, the total q′′′ in the channel
is much lower than that for the 45/30 HEMT (Fig. 3(e), top).
The higher peak amplitude of q′′′ (Fig. 3(e), bottom) for the
85/70 HEMT causes a sharper temperature gradient in the �T
distribution as shown in Fig. 3(f). However, the slightly lower
thermal conductivity of Al0.3Ga0.7N and different AlGaN
channel/buffer layer thicknesses are factors leading to higher
peak �T for the 45/30 HEMT.

V. DEVICE PERFORMANCE
The low κ (and thus, low thermal diffusivity, α) of

AlGaN results in large thermal time constants for the
AlGaN devices [10]. Consequently, under moderately high
frequency switching conditions (10 kHz), the �T of the
AlGaN channel HEMTs is <60% (53% for 45/30 and 41%
for low-Rc 85/70) of the steady-state temperature rise under
direct current (DC) operation. Hence, the intense self-heating
effect in AlGaN HEMTs is mitigated under high-frequency
pulse-mode operations as employed in industry motors
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Fig. 2. (a) Mole fraction dependent thermal conductivity of AlxGa1-xN thin f ilms at 25◦C. (b) The temperature dependent thermal conductivities
of AlxGa1-xN for x = 0.3 and x = 0.7 for a temperature range of 300 − 450 K. κ(T) for bulk AlN and a GaN film are also plotted. (c) Temperature
dependence of ρc and µ fo r the TLMs.

Fig. 3. (a) Measured and simulated output characteristics for the 45/30 and 85/70 (low Rc) HEMTs. (b) Measured ID and transconductance (gm)
for the 45/30 and 85/70 (low Rc) HEMTs. (c) Heat generation in the ohmic contacts (Qs,Qd) and AlGaN channel (Qch) for 45/30, low Rc 85/70, and
high Rc 85/70 TLMs. (d) Temperature rise in the 45/30, low Rc 85/70, and high Rc 85/70 TLMs due to self-heating. (e) Channel heat generation
distribution for the 45/30 and low Rc 85/70 HEMTs at the same power dissipation (500 mW) on log (top) and linear (bottom) scales. Channel is 50%
open for both cases. (f) Temperature rise across the channel for the 45/30 and low Rc 85/70 HEMTs. Experimental data includes thermoreflectance
imaging and Raman thermography results.

Fig. 4. (a) Temperature rise for the HEMTs under DC and 10 kHz pulsed
conditions. (b) Reduction in ID,max for varying thermal stage temperature.

and AC-DC/DC-DC converters [27], [28]. A standard GaN
channel HEMT (structural details in Reference [7]) was
characterized for comparison with the AlGaN HEMTs. Due
to the higher κ of the GaN material, the measured steady-state
and 10 kHz pulsed (10% duty cycle) channel temperatures
are nearly identical (�TPulse ∼95% of �TDC at 1.59 W/mm
power density, Fig. 4(a)).

Fig. 4(b) shows that ID,max (the drain current at the “knee”
of the output characteristic curves) of the 85/70 HEMT at �T
of 100◦C reduces by 14% as compared to its room-temperature
value. In contrast, a ∼60% reduction is observed for both
the 45/30 and the GaN HEMTs. This weak temperature
dependence is partly attributed to the relatively temperature
insensitive mobility for higher Al mole fraction AlxGa1−xN
and partly due to the fact that contact resistance improves with
temperature, as shown in Fig. 2 (c) [3], [12]. Quantitatively,
the increase in Rsh due to temperature increase from 25◦C to
125◦C can be measured to be 80% larger for the 45/30 HEMTs
(2180�/�) as compared to the 85/70 HEMTs (1210�/�).
To further compare the fractional contribution of decrease
in contact resistance and increase in sheet resistance with
temperature, a factor ϕ can be defined as follows.

ϕ =[
Rc(25◦C)−Rc(125◦C)

]
/
[
Rsh(125◦C)−Rsh(25◦C)

]
(1)

Using the data shown in Fig. 2 (c), the value of ϕ was
found to be 82% higher for the 85/70 HEMTs (0.33) than
the 45/30 HEMT (0.18). This implies the contribution of

reduction in contact resistance towards the increase in total
resistance due to temperature rise is significantly higher (2.2×)
for the 85/70 HEMTs. However, the relatively less degradation
of mobility in the 85/70 HEMTs result in 32% smaller
temperature-induced reduction in sheet resistance. Hence, the
net effect of both of these factors results in a relatively
temperature-insensitive ID,maxfor the 85/70 HEMT which is
favorable for their potential use in extreme temperature appli-
cations (e.g., down-hole exploration, aircraft/rocket engine
control, and space exploration) that require stable operation at
high ambient temperature conditions, comparable to the room
temperature performance [21].

VI. CONCLUSION

The high ρc of 85/70 HEMTs resulted in markedly different
heat generation and temperature distributions as compared to
45/30 HEMTs. Although the �T of the 85/70 AlGaN HEMTs
was four times that of GaN channel HEMTs, the temperature
insensitive µ and κ , along with the improvement in ρc, were
shown to lead to stable electrical output characteristics at high
ambient temperature conditions. The low κ (and hence, low α)
of the AlGaN also contributes to a lower �T under pulsed
operating conditions as compared to �T under DC operation,
thus reducing self-heating concerns. For reliability-critical
applications, thermal management solutions such as flip-chip
hetero-integration [29] and substrate integration methods [30]
can be implemented to further mitigate self-heating effects.
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