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ABSTRACT

The demand for high power and high-frequency radio
frequency (RF) power amplifiers makes AlGaN/GaN high
electron mobility transistors (HEMTs) an attractive option due
to their large critical field, high saturation velocity, and reduced
device footprint as compared to Si-based counterparts. However,
due to the high operating power densities, intense device self-
heating occurs, which degrades the electrical performance and
compromises the device's reliability. The self-heating behavior of
AlGaN/GaN HEMTs is known to be not solely a function of the
dissipated power but is highly bias-dependent. As the operation
of RF power amplifiers involves alteration of the device
operation from fully-open to pinched-off channel conditions, it is
critical to experimentally map the full channel temperature
profile as a function of bias conditions. However, such
measurement is difficult using optical thermography techniques
due to the lack of optical access underneath the gate electrode,
where the peak temperature is expected to occur.

To address this challenge, an AIGaN/GaN HEMT employing
a transparent gate made of indium tin oxide (ITO) was
fabricated, which enables full channel temperature mapping
using Raman spectroscopy. It was found that the maximum
channel temperature rise under a partially pinched-off condition
is more than ~93% higher than that for an open channel
condition, although both conditions would lead to an identical
power dissipation level. The channel peak temperature probed in
an ITO-gated device (underneath the gate) is ~33% higher than
the highest channel temperature that can be measured for a
standard metal-gated AIGaN/GaN HEMT (i.e., next to the metal
gate structure) operating under an identical bias condition. This
indicates that one may significantly underestimate the device's
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thermal resistance when solely relying on performing thermal
characterization on the optically accessible region of a standard
AlGaN/GaN HEMT. The outcomes of this study are important in
terms of conducting a more accurate lifetime prediction of the
device lifetime and designing thermal management solutions.

Keywords: ITO gate, gallium nitride, HEMT, Raman
thermometry, peak temperature, thermal reliability, lifetime
prediction

NOMENCLATURE
ITO Indium tin oxide
GaN Gallium nitride

HEMT High electron mobility transistor
2DEG Two-dimensional electron gas
Vps Drain-source voltage

Vas Gate-source voltage

Ips Drain-source current

Igs Gate-source current

P Power dissipation

1. INTRODUCTION

AlGaN/GaN high electron mobility transistors (HEMTs)
have emerged as an attractive candidate for next-generation high
power and high-frequency RF applications due to the exclusive
properties of GaN such as the wide bandgap (~3.4 eV), large
critical breakdown voltage (~3 MV/cm), and high saturation
velocity (~3x107 cm/s) [1-3]. Additionally, the formation of a 2-
dimensional electron gas (2DEG) near the AlIGaN/GaN interface
(without intentional doping) provides low ON resistance and
high mobility [4]. Besides, these devices offer means to
accomplish improved size, weight, and power (SWaP) at the
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system level [5], which will benefit 5G communication,
broadband satellite, and military radar applications [6—8].

As AlGaN/GaN HEMTs operate at extremely high-power
densities [5], the internal heat generation within the 2DEG can
drastically increase the channel temperature and cause device
degradation [9-11]. Under high voltage operation, an electric
field spike develops underneath the drain side corner of the
transistor gate [12,13], leading to a non-uniform temperature
distribution across the transistor channel and forming a local
nanoscale hotspot. If not appropriately cooled, this local hotspot
can deteriorate the device's performance and reliability
[10,12,14—-19]. For example, the device's electrical performance
(i.e. output power) was shown to degrade with temperature rise
by 0.01 dB°C-! [20]. Intense device self-heating can also affect
the device reliability since the mean-time-to-failure (MTTF)
reduces by an order of magnitude with a channel temperature rise
of ~10 °C [21].

The device self-heating has been reported not to be solely a
function of dissipated power but also affected by the operational
bias conditions (i.e., the combination of gate-to-source voltage,
Vs, and drain-to-source voltage, Vps, applied to a device)
[13,17,22,23]. Under RF operation, the device experiences a
wide range of biasing from a fully open to a pinched-off channel
condition [24,25]. Due to the rapid bias switching under RF
operation, a varying level of peak temperature occurs along the
device channel [26,27]. Depending on the bias conditions, the
Joule heating profile within the device channel is altered [13].
Among the various bias conditions, a fully-open channel
condition (under the application of a positive Vgs for normally-
ON devices) results in a relatively uniform Joule heat
distribution across the device channel. On the other hand, under
a partially pinched-off condition (under the application of a
negative Vgs) there develops a local depletion region underneath
the drain side corner of the gate, which leads to local
confinement of the Joule heating region at this location.
Therefore, accurate experimental probing of the channel
temperature distribution under various bias conditions is crucial
for understanding the self-heating behavior of AlGaN/GaN
HEMTs.

To assess the temperature rise in AIGaN/GaN HEMTs, a
variety of noninvasive, noncontact optical approaches have been
developed. These techniques include infrared (IR) thermal
imaging, thermoreflectance thermal imaging (TTI), and Raman
thermometry [28-31]. Because of the different operating
principles, each technique differs in terms of material selectivity,
probing depth, and spatial resolution. IR thermography
significantly underestimates the channel temperature because
GaN is transparent to IR thermal radiation and the spatial
resolution of this method is relatively low [28,30,32,33]. TTI
leverages the temperature dependence of the reflectivity of the
material surface to be measured [28,29,34]. This technique
provides high spatial resolution (~ 0.6 um) and is most suitable
for measuring the temperature of metal electrodes. However, it
does not provide means to measure the temperature of
materials/layers underneath the device surface. The working
principle of Raman thermometry is based on Raman scattering,

VO0IT09A011-2

i.e., the inelastic scattering of photons due to absorption (anti-
Stokes Raman scattering) or emission (Stokes Raman scattering)
of energy from or to the lattice, respectively [28,35]. This
method utilizes a laser excitation source to probe the frequency
or energy of phonons (i.e., quantized lattice vibration), allowing
indirect measurement of the temperature of the crystalline solids.
In general, Raman thermometry measures the surface or depth-
averaged temperature of a semiconductor (depending on the
bandgap energy of the material) with a spatial resolution of ~1
pm. Standard Raman thermometry can measure the temperature
of semiconductors and insulators, but not metals. Unfortunately,
none of these optical thermography techniques can map the
temperature of the entire channel of a standard AlGaN/GaN
HEMT and identify the hotspot due to limited optical access,
hindered by the metal gate electrode. The combined use of TTI
and  nanoparticle-assisted =~ Raman  thermometry  was
demonstrated to measure both the surface temperatures of the
metal gate and the channel; however, the channel region
underneath the gate was inaccessible [29,30,36,37]. Cross-
sectional thermal mapping of an AlGaN/GaN HEMT was
reported using TTI [38]. While this approach first allowed
optical probing of the hotspot underneath the gate electrode, it is
a destructive approach that may alter the device electrical output
characteristics. To this day, direct temperature mapping on an as-
fabricated AlGaN/GaN HEMT has not been reported in the
literature.

AlGaN/GaN HEMTs with an optically transparent gate
electrode offers the means to perform nondestructive in situ full
channel temperature mapping of an operational device. The
transparent gate will allow to directly probe the channel
temperature underneath the gate using Raman thermometry. A
transparent conducting oxide, indium tin oxide (ITO), has been
used to construct the Schottky gate electrode of AlGaN/GaN
HEMTs [39—42]. Due to its optical transparency, ITO has been
used in GaAs transistors as well as GaN light-emitting diodes
(LEDs) [43,44]. AlGaN/GaN HEMTs with an ITO-based
transparent gate electrode have been previously studied to probe
trapping and hot electron effects [39,40] and to enhance the UV
detection capability [41]. A thermal reliability study of normally-
OFF AlGaN/GaN HEMTs adopting an ITO gate qualitatively
showed the degradation of the gate using electro-luminescence
(EL) imaging [42].

In this work, an AlIGaN/GaN HEMTs with a transparent ITO
gate was fabricated and used to fully map the channel
temperature, including the channel region underneath the gate,
via Raman thermometry. Standard AlIGaN/GaN HEMTs with
similar device geometry adopting a metal gate electrode were
also fabricated and characterized for comparison. Moreover, to
better understand the bias-dependent self-heating effect in
AlGaN/GaN HEMTs, the ITO-gated device was tested under
diverse operating conditions, and the subsequent alteration of the
channel temperature distribution was investigated.

2. EXPERIMENTAL METHODS

Two series of AlIGaN/GaN HEMTs were fabricated: one set
with standard metal (Ni/Au) gates and another set with
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transparent ITO gates. Both series assumed similar device
dimensions and were fabricated on a commercial GaN-on-Si
epitaxial material stack (Figure 1). Thermal characterization was
performed on both types of devices using standard Raman
thermometry.
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FIGURE 1: (a) CROSS-SECTIONAL SCHEMATIC OF THE
AlGaN/GaN HEMTS, AND (b) OPTICAL IMAGES OF DEVICES
WITH A METAL GATE (LEFT) AND AN ITO GATE (RIGHT).

2.1 Device description

The AlGaN/GaN HEMTs were fabricated on a GaN-on-Si
wafer. A 4.2 um thick GaN channel/buffer layer is grown on a
1000 pm thick Si substrate (with a transition interlayer). A 22
nm thick Aly25Gag 75N barrier layer is grown on the GaN channel
to form 2-dimensional electron gas (2DEG). The Ohmic contacts
are formed by e-beam evaporation of a Ti/Al/Ni/Au
(20/80/50/50 nm) metal stack, followed by rapid thermal
annealing (RTA) at 850 °C for 1 minute. 350 nm-deep
inductively-coupled-plasma (ICP) etching is performed to
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achieve mesa isolation before forming the Ohmic contacts. A
100 nm thick SiO, passivation layer is deposited by sputtering.
For the metal-gated AlIGaN/GaN HEMTs, a Ni/Au (50/100 nm)
Schottky gate is constructed using e-beam evaporation. For
AlGaN/GaN HEMTs with transparent gates, 150 nm thick ITO
is sputtered, followed by RTA at 600 °C for 1 minute. Both metal
and nonmetal (ITO) gate AlIGaN/GaN HEMTs possess similar
device structures and dimensions. The gate length (Lg) is 5 pm
and the channel width is 170 pm. An identical mask layout was
used during device fabrication; however, there is a slight
difference in the Lgp of the fabricated ITO- and metal-gated
HEMTSs. The measured Lgp of the ITO-gated HEMT is 15.8 um,
whereas it is 16.6 pm for metal-gated HEMT. The epitaxial
structure and optical images of the devices are shown in Figure
1(a) and (b), respectively.
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FIGURE 2: (a) DEVICE OUTPUT CHARACTERISTICS AND (b)
TRANSFER CHARACTERISTICS. DOTTED LINES ARE FOR THE
METAL-GATED HEMT AND SOLID LINES ARE FOR THE ITO
GATE HEMT.

The electrical output (Ips-Vps) and transfer (Ips-Vas)
characteristics of the metal- and ITO-gated HEMTs are shown in
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Figure 2. Both devices were tested under identical voltage bias
sweeping (Vgs: from -12V to 6V; Vps: from 0V to 30V). The
output characteristics in Figure 2(a) show that for all Vgs
conditions, the drain currents (Ips) for the two device structures
in the linear region are almost identical. Notable self-heating is
observed in both devices at higher Vps conditions as Ips drops
after reaching the saturation region (Figure 2(a)). The decrease
in Ips is slightly more prominent for the ITO-gated HEMT
compared to metal gate HEMT, which may be due to the slight
difference in the gate-to-source (Lgp) spacings of the two device
structures and/or the lower thermal conductivity of ITO than
gold. A higher channel temperature results in a reduced carrier
(i.e. electron) mobility as a consequence of increased electron-
phonon scattering rates [7,8]. From the transfer characteristics
shown in Figure 2(b), the threshold voltages (V1) at Vps = 10V
is obtained as -8V for the ITO-gated HEMT and -7V for the
metal-gated HEMT, respectively. The gate leakage current (Igs)
is low and similar for both devices.

2.2 Raman thermometry

Raman thermometry is an optical thermography technique
that measures the lattice temperature by probing the energy or
frequency shift of optical phonons, which can be observed either
through anti-Stokes or Stokes Raman scattering. A Raman
system consists of an excitation laser, microscope, spectrometer,
and detector such as a charge-coupled device (CCD) [35].
Raman scattering is generated by laser excitation of the sample
under the microscope. In the spectrometer, the scattered photons
are collected, dispersed by a grating, and counted by a CCD. This
process provides spectral information on the Raman-active
optical phonons, which includes the Raman peak position,
intensity, and full-width-at-half-maximum (FWHM). The
Raman setup used in this study is shown in Figure 3.
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FIGURE 3: PHOTOGRAPH OF THE RAMAN THERMOMETRY
SETUP (FL stands for “fluorescent”).

Raman thermometry is suitable for characterizing
AlGaN/GaN HEMTs due to its relatively high spatial resolution
(<1 pum) and lenience to device operation when using a sub-
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bandgap laser excitation wavelength [28]. When using such a
laser excitation source without any surface temperature
transducer [29,45,46] deposited on the sample surface, a depth-
averaged temperature of the GaN layer is measured [28]. To
perform the temperature mapping, a Horiba LabRAM HR
Evolution Raman spectrometer equipped with 532 nm laser
excitation (2.33eV) was used in this work. A long working
distance 50% objective (NA=0.45) was employed in a 180°
backscattering configuration for the measurement. This standard
Raman thermometry setup offers a spatial resolution of ~600 nm.
To improve the signal-to-noise ratio of the measurement results,
the Raman system is equipped with an electron-multiplying
CCD (EMCCD). The laser power was carefully controlled (~1
mW) to prevent laser-induced heating on the Si substrate [30,47].

Temperature measurement using Raman spectroscopy can
be done using the shift in the Raman peak position, change in the
linewidth, and the anti-Stokes to Stokes intensity ratio [35]. For
AlGaN/GaN HEMTs, a multi-spectral method that takes
advantage of fitting two Raman peaks is most widely used [48].
This is because the Raman peak position is not only influenced
by the lattice temperature rise but also the evolution of
mechanical stress [35]. During device operation, a temperature
gradient forms in response to Joule heating, which results in
operational thermo-elastic stress in the GaN layer. In addition,
inverse piezoelectric stress forms in GaN in response to the
internal vertical electric field [17]. For accurate temperature
measurement, the contribution from these mechanical stress
effects must be separated from the overall shift in the Raman
peak positions. The two-peak fit method [48] can be employed
to measure the lattice temperature rise (AT) independent of
mechanical stress effects, with lower uncertainty than linewidth
and anti-Stokes to Stokes intensity ratio-based methods [35].
Moreover, this method does not require a temperature calibration
process to determine the temperature rise in GaN thin films [48].
Therefore, the two-peak fit method was used in this study, and
the relevant temperature and biaxial stress conversion
coefficients were adopted from the reference [48] to map the
GaN layer temperature of the devices. To calculate AT, first, the
fully pinched-off condition (Vgs = -12V; same Vps as ON-state
conditions are applied for each measurement) is taken as a
reference. Second, Raman measurements are taken during open
channel and/or partially pinched-off conditions where the device
dissipates power. Finally, the difference in the E»(high) and
Ai(LO) Raman peak positions are processed according to
procedures listed in reference [48] to derive the AT.

3. RESULTS AND DISCUSSION

A comparison of the measured channel temperature maps of
the metal- and ITO-gated AlGaN/GaN HEMTs are illustrated in
Figure 4 for open channel and partially pinched-off conditions
that lead to an identical power dissipation level of 500 mW.
Under an open channel condition of Vgs = 6V, Vps ~ 6V
(adjusted to accomplish the same P for both devices), and P =
500 mW (Figure 4 (a)), the temperature distribution is relatively
uniform across the entire channel for the ITO-gated device. The
optically accessible channel region of a metal-gated HEMT also
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does not show a sharp temperature gradient. Under such open
channel conditions, charge carriers (i.e., electrons) traversing
across the source and drain electrodes encounter a relatively
uniform electrical resistance across the entire channel. A nearly
linear voltage drop occurs along the channel length; hence, heat
is generated almost uniformly across the entire channel. Under
identical power conditions, the channel temperature of the ITO-
gated HEMT is slightly higher than that of the metal-gated
HEMT, which is consistent with the relatively larger current
droop observed in its I-V characteristics (for the saturation
region at high power dissipation levels) shown in Figure 2(a).
Again, this is thought to be caused by the slight difference in the
gate-to-drain spacings of the two device structures and/or the
lower thermal conductivity of ITO (for the ITO gate) than gold
(for the metal gate which is mostly comprised of gold). Larger
uncertainties in temperature data underneath the ITO gate region
(channel locations of 3.5, 6, and 8.5 pum from the source
electrode) observed in Figure 4(a) are caused by the lower signal
intensity of the GaN Raman peak as compared to those acquired
from the rest of the channel.

Figure 4(b) shows the channel temperature distributions of
the two AlGaN/GaN HEMTs under a partially pinched-off
condition of Vgs = -2V, Vps ~ 15V (adjusted to accomplish the
same P for both devices), and P= 500 mW (full channel pinched-
off occurs at Vgs < -7V). When a negative gate bias is applied,
the charge carrier density reduces underneath the drain-side
corner of the gate, i.e., a local depletion region is formed [8].
This local region, where the electrical resistance is higher than
the rest of the channel, leads to Joule heat concentration. The
Raman temperature map depicts a sharp temperature rise
underneath the ITO gate on the drain side of the device. The
channel peak temperature is not observable by characterizing a
metal-gated device due to the lack of optical access underneath
the gate electrode. As shown in Figure 4(b), the maximum
temperature measured underneath the ITO gate is ~106°C,
whereas the temperature next to the ITO gate (drain side) is
~88°C, which is a ~17 % lower value. This indicates that the
highest channel temperature measured from a standard metal-
gated HEMT (at a location next to the drain side of the gate) will
underestimate the true channel peak temperature. Moreover, the
exact location prone to device degradation (where the electric
field strength and temperature are highest) remains inaccessible
when characterizing a metal-gated HEMT. Therefore, a
transparent ITO-gated device can provide effective means to
perform thermal reliability studies and lifetime estimation.
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FIGURE 4: COMPARISON OF FULL CHANNEL
TEMPERATURE MAPS FOR THE ITO-AND METAL-GATED
AlGaN/GaN HEMTS AT A POWER DISSIPATION LEVEL OF 500
mW FOR (a) AN OPEN CHANNEL CONDITION AND (b) A
PARTIALLY PINCHED-OFF CONDITION.

Experimental observations of the ITO-gated AlIGaN/GaN
HEMT suggest that the device reliability and lifetime will be
significantly impacted by the bias-dependent self-heating
behavior. For the same device (i.e., ITO-gated HEMT), the
maximum channel temperature occurring under an open channel
condition is ~55 ° C, whereas the value for a partially pinched-
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off condition is ~106 °C (~93% higher), despite both conditions
lead to an identical power dissipation level of 500 mW. As shown
in Figure 4(b), the channel peak temperature occurs underneath
the gate on the drain side during a partially pinched-off
condition. Additional measurements were performed to see if
this peak temperature would further increase for the same power
condition when a larger negative gate bias is applied. Figure 5
shows the full channel temperature map for more aggressively
pinched-off bias conditions, such as Vgs=-2V/Vps=15V, Vgs =-
3V/Vps=25V, and Vgs=-3.5V/Vps=30V (for all conditions, Vps
is adjusted to achieve P = 500 mW). The peak temperature rises
at the drain-side underneath the gate are 106.3 °C, 133.6 °C, and
141.6 °C for the respective partially pinched-off conditions.
These results indicate that the channel peak temperature
increases as bias conditions lead to a more progressively
pinched-off channel being applied to the device. This is because,
with a larger negative Vgs (that entails a higher Vps to attain the
same power dissipation level), the depletion region extends
further down towards the GaN layer at the drain side of the gate
and shrinks in size along the channel length. This further restricts
charge carrier flow across the channel and concentrates the Joule
heating, eventually leading to an increase in the channel peak
temperature [13].
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FIGURE 5: FULL CHANNEL TEMPERATURE MAP OF THE
ITO-GATED AlGaN/GaN HEMTS AT 500 mW POWER
DISSIPATION FOR VARIOUS PARTIALLY PINCHED-OFF
CONDITIONS.

4. CONCLUSION

This experimental study, for the first time, demonstrates
direct measurement of the full channel temperature distribution
of an AIGaN/GaN HEMT and identifies the location where the
peak channel temperature occurs using a transparent ITO-gated
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HEMT. The comparison between a standard HEMT with a metal
gate and a transparent ITO gate suggests that solely relying upon
optical probing of a conventional metal-gated HEMT may result
in a significant underestimation of the channel peak temperature.
This could lead to overprediction of the device lifetime and
inaccurate reliability analysis. It should be noted that, even
though the present study provides a more accurate peak
temperature estimation than existing studies using conventional
device structures, the actual peak temperature occurring in the
2DEG region will be higher than data acquired from Raman
thermometry. The temperatures determined by Raman
thermometry represent a depth-averaged value within a ~1 um
laser spot through the thickness of the GaN layer. Our future
work will focus on calculating the actual device peak
temperature using a coupled electro-thermal device model
[22,23,49,50] that is calibrated against Raman results obtained in
this work.
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