Rare Met. (2024) 43(1):389-394
https://doi.org/10.1007/s12598-023-02355-4

RARE METALS

LETTER

q

Check for
updates

Observation of ballistic-diffusive thermal transport in GaN
transistors using thermoreflectance thermal imaging

Zhi-Ke Liu, Yang Shen, Han-Ling Li, Bing-Yang Cao*

Received: 28 November 2022 /Revised: 16 January 2023/ Accepted: 8 February 2023 /Published online: 7 November 2023

© Youke Publishing Co., Ltd. 2023

To develop effective thermal management strategies for
gallium-nitride (GaN) transistors, it is essential to accu-
rately predict the device junction temperature. Since the
width of the heat generation in the devices is comparable to
phonon mean free paths (MFPs) of GaN, phonon ballistic
transport exists and can significantly affect the heat trans-
port process, which necessitates a thorough understanding
of the influence of the phonon ballistic effects in GaN
transistors. In this study, the ballistic-diffusive phonon
transport in GaN-on-SiC devices is examined by measuring
the hotspot temperature using the thermoreflectance ther-
mal imaging (TTI) combined with the hybrid phonon
Monte Carlo-diffusion simulations. A series of Au heaters
are fabricated on the top of the GaN layer to quantitatively
mimic the different heat source distributions during device
operation. The experimental and simulation results show a
good consistency and both indicate that the phonon bal-
listic effects can significantly increase the hotspot tem-
perature. With the size of the heat source decreasing, the
errors of Fourier’s law-based predictions increase, which
emphasizes the necessity to carefully consider the phonon
ballistic transport in device thermal simulations.

GaN high electron mobility transistors (HEMTs) are
attractive devices for high-voltage and high-frequency
applications due to their high breakdown voltage and high
electron mobility [1, 2]. However, owing to the high power
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density (> 40 W mm™ ") [3], GaN HEMTs hold very high
junction temperatures [4] which leads to a severe thermal
concern [5]. It has been demonstrated that a 10 °C increase
in the junction temperature can make the reliability of
electronic devices decrease by 50% [6, 7]. An accurate
assessment of the junction temperature of GaN HEMTs is
critical to predict the device lifetime and develop effective
thermal management strategies [8].

In GaN HEMTs, most heat is generated on the top of the
GaN layer and concentrated at the drain-side gate edge
[9, 10] with a width of a few hundred nanometers. The
characteristic size is comparable to MFPs of phonons,
which are the dominant heat carriers in GaN [11, 12].
Owing to the lack of phonon scattering in the heat source
region, Fourier’s law of heat conduction becomes inap-
plicable and significantly underestimates the hotspot tem-
perature [13-15]. Also, being the result of Joule heating,
the heat generation in GaN HEMTs is highly bias-depen-
dent, i.e., the heat source distributions can be quite dif-
ferent under different working conditions. To accurately
predict the junction temperature, it is essential to clearly
understand the heat source size dependence of phonon
ballistic effects, and their influence on the temperature.

Experimental efforts have been made to study the heat
source size-induced phonon ballistic transport, including
the studies using pulsed/modulated laser thermoreflectance
[16], ultrafast coherent soft X-rays diffraction [14], tran-
sient thermal grating [17], extreme ultraviolet thermal and
acoustic nanometrology [18], etc. However, in these tech-
niques, only the strength of the phonon ballistic effect can
be inferred indirectly, the hotspot temperature and the
device temperature field cannot be measured, which partly
restrict the applications of these results in real devices [19].
As a non-contact optical technique, TTI can directly detect
the surface temperature with a submicron spatial resolution
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[20-25]. Compared with the above-mentioned methods, the
influence of the phonon ballistic transport on the hotspot
temperature can be directly detected by TTI, which can
provide a more intuitive understanding of the phonon
ballistic transport in real devices [26-28].

In this work, the influence of the phonon ballistic
transport on the hotspot temperature in GaN HEMTs was
studied using TTI. A series of Au heaters with different
widths were fabricated on the top of the GaN layer to
quantitatively mimic the different heat source distributions
in GaN HEMTs. The temperature fields and the hotspot
temperatures of different samples were directly measured
by TTI. Hybrid Monte Carlo (MC)-diffusion simulations
were also conducted to validate the experimental results.
Both the experimental and simulation results indicate that
with the decrease in the heat source size, the hotspot
temperature is much higher than the Fourier’s law-based
predictions. It is emphasized that the phonon ballistic
effects should be carefully considered to accurately predict
the device junction temperature.

TTI is an experimental technique to measure the surface
temperature field with a high spatial resolution up to hun-
dreds of nanometers. The spatial resolution can reach
353 nm by a 530-m light source and a 100 x objective
lens with a numerical aperture of 0.75, which makes TTI a
highly effective technique to detect the hotspot temperature
in electronic devices. TTI deduces the temperature field by
probing the variation of the surface reflectivity with respect
to temperatures. Under common working conditions of
electronic devices, the dependence of the relative change in
reflectivity on temperatures is linear, which can be
expressed as:

Ar (1 or

r@]‘) AT - CTRAT, (1)

r

where r and AT represent the reflectivity and the temper-
ature rise of the material surface, respectively. Ctr is the
coefficient of thermoreflectance [29], which is related to
the type of material, the wavelength of light, and the sur-
face roughness of the sample [30]. The range of Cry is
usually from 1 x 107 to 1 x 107> K~ for common
metals and semiconductors. In prior to measuring the
device temperature, the values of Cry of different samples
are calibrated with adequate data averaging to improve the
signal to noise ratio of the experiments [26].

TTI experiment system includes five subsystems, as
shown in Fig. 1. During the experiment, the excitation
subsystem produces an excitation signal, which is collected
by the device under test (DUT), and then a constant light-
emitting diode (LED) light is shined on the DUT. The
incident light is irradiated to the DUT surface through the
microscope subsystem, and the reflected light from the
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Fig. 1 Schematic diagram of thermoreflectance thermal imaging

DUT is captured by a charge coupled device (CCD) camera
with synchronous lock-in detection. The excitation signals
can lead to the temperature rise of the DUT surface, and
then the changed light intensity with respect to the tem-
perature changes can be detected by the CCD. The surface
temperature distributions can be extracted from the varia-
tion of the light intensity and Crg of the corresponding
material. The timing setting of the excitation signal, the
synchronous control of incident light, and the data analysis
are completed by automatic system.

The structure of the samples being measured is shown in
Fig. 2, which consists of four layers. From top to bottom,
they are a 25-nm SiO, passivation layer, 2.1-um GaN
buffer layer, a 50-nm AIN nucleation layer, and a 350-um
SiC substrate. The width and the length of the sample are
W=75mm and L= 7.5 mm, respectively. Au heaters
were fabricated on the top of the samples through electron
beam lithography, metallization, and lift-off process. The
widths of the Au heaters (wg) in different samples are
500 nm, 1, 2, 5, and 10 pm. For the convenience of elec-
trical excitation and electrical measurement of the heater
resistance with the four-wire method, four contact pads in
the size of 300 pm x 300 pm were fabricated for each
heater. As a supplement, the measurement results of
resistance thermometer are analyzed and discussed in the
Supporting Information. Figure 3a, b shows the sample
surface taken by the CCD. The white area is a pair of
heaters with four pads, and the gray part is the top surface
of the GaN layer.

To measure the heat source temperatures of the samples,
the 530 nm visible green LED light source was selected
since it is sensitive to the temperature changes of Au
[31, 32]. The coefficient of thermoreflectance Ctr was
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Fig. 3 Micrograph of upper surface of sample taken by CCD by a 5 x objective lens and b 20 x objective lens; ¢ distributions of Crg
on surface of sample with wg = 2 um, in which green area represents Au material; two-dimensional maps of temperature rises in GaN
samples heated by Au heaters with different wy: d 500 nm, e 1 um, f2 um, g 5 um, and h 10 pm

determined by detecting the variation of the reflectivity
with respect to a fixed 20 °C temperature difference
applied to the samples, as indicated in Eq. (1). The mea-
sured Ctgr of Au of different samples are all
—28 x 107* KL Figure 3c shows the Ctgr distributions
of the sample with w, = 2 um. It can be found that Crg in
the Au region is uniform and constant, which indicates the
effectiveness of the measurements.

With the Crr determined, the hotspot temperature rises
of the samples with different power dissipations can be
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measured. The heating power was controlled by the input
signal of the electrical excitation. Figure 3d-h shows the
two-dimensional temperature rise distributions of the
samples with different w,. It can be found that the tem-
perature rise mainly exists in the Au region and decays
rapidly away from the heat source. Therefore, the average
temperature rise in the Au region was defined as the hot-
spot temperature rise in this work. Figure 4a shows the
hotspot temperature rise varying with the power dissipation
of the sample with w, = 5 pm. A good linear dependence
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is achieved, and the fitted thermal resistance Ryrp is
75.52 K-W™"'. The experiments on other samples also show
a similar linearity.

Figure 4b shows the measured thermal resistance Rryy
varying with w,. The Fourier’s law-based FEM-calculated
thermal resistance Rggy and the ratio between Rrpp and
RegpMm are also given for comparison. The thermal conduc-
tivities of GaN and SiC were set as 168 [33] and 350
W-m~"K~! [34], respectively. Additionally, the results
obtained from the resistance thermometer Rit are included
and thoroughly discussed in the Supporting Information.
As shown in Fig. 4b, Rypry, Rrt and Rpgy increase rapidly
with w, decreasing, which can be attributed to the
enhancement of the thermal spreading effect [35]. When
heat spreads from a small source to a much larger region,
there is a significant thermal spreading resistance, which
increases with the decreased heat source size [36]. How-
ever, it can be noted that when w, is small enough, i.e.,
we < 1 um, Ryprp becomes larger than the FEM-based
predictions, and the deviation is enlarged with the decrease
in w,. This indicates that with the decrease in the heat
source size, the phonon ballistic effect is enhanced, which
leads to a much higher junction temperature.

To illustrate the influence of the phonon ballistic effects
on the thermal resistance more clearly, hybrid phonon MC-
diffusion simulations are carried out for comparison with
the experimental results [37, 38]. Considering the phonon
ballistic effects mainly exist around the boundaries and the
heat source, in the hybrid simulation, the total device is
divided into three parts: (1) the top MC zone that covers the
entire GaN layer and a region extending from the GaN/SiC
interface; (2) the bottom MC zone that covers the bottom
boundary; and (3) the middle diffusion zone. Phonon MC
simulations [39] are conducted only in the MC zone, and
FEM simulations are carried out in the diffusion zone.

There is an overlap region between the MC zone and
adjacent diffusion zone, which is used for the information
transfer and convergence check. To couple the phonon
tracing MC and Fourier’s law of heat conduction, an
alternating method, similar to the Schwarz technique pro-
posed for the coupled Stokes/direct simulation MC prob-
lem in the fluidic simulation [40], is used in the overlap
region. The basic idea of the method is to use the solution
of the MC zone as the boundary condition of the diffusion
zone in the next iteration, the solution of the diffusion zone
as the boundary condition of the MC zone, and the overlap
zone works as an indicator of the coupling effect. Here, an
implicit temperature boundary condition is used for phonon
MC in the hybrid method. Similar to the traditional given
temperature boundary, all incident phonons are absorbed
and subsequently re-emitted as phonons from a black-body
boundary, following the boundary temperature Ty,q. The
main difference is that T},4 is determined in the traditional
given temperature boundary, while Ty,4 is unknown in the
implicit temperature boundary condition, which needs to be
determined by the iterative calculation of the diffusion
solution.

The results of FEM based on Fourier’s law (Rggp) are
used as reference values to calculate the thermal resistance
ratio R/Rggy obtained by TTI measurements and hybrid
phonon MC-diffusion simulations, respectively, and
Fig. 4c shows R/Rgg\ varying with the heat source size.
Some values extracted from the literatures are also given
for comparison. The influence of the thermal spreading
effect is eliminated in R/Rggp; thus, the ratio can reflect the
impact of the phonon ballistic effects on the device thermal
resistance. In Fig. 4c, it can be found that R/Rgg); increases
with the decreased w,, which implies the enhancement of
the phonon ballistic effects. In the near-junction heat
transport process [37], two kinds of phonon ballistic effects
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Fig. 4 a Linear dependence of hotspot temperature rise measured by TTI on power dissipation, where curve slope is device thermal
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¢ experimental and simulated thermal resistance ratios varying with wgy, where reference values are extracted from Refs. [19, 41]
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exist: one is the cross-plane ballistic effect caused by the
phonon-boundary scattering, which is determined by the
thickness of the GaN thin film. The other is the ballistic
effect with the heat source size comparable to the phonon
MFP. Since the thickness-dependent thermal conductivity
of the GaN film is adopted in the FEM model, the deviation
between R/Rggym and 1 can reflect the influence of the heat
source size-induced ballistic effect on the thermal transport
process. The results indicate that the ballistic effect with
the heat source size comparable with the MFP is signifi-
cantly enhanced with the decreased heat source size. It is
illustrated that only using thickness-dependent thermal
conductivities in FEM simulations will underestimate the
phonon ballistic effect, which can lead to a lower junction
temperature. The underestimation can increase with the
decrease in the heat source size, e.g., at a negative bias
when the heat is highly concentrated at the drain-side gate
edge in GaN HEMTs [41]. It is emphasized that a multi-
scale thermal simulation is essential to accurately predict
the device junction temperature.

In summary, the temperature field of the GaN devices
was measured by TTI. Au heaters with different widths
were fabricated on the top of the GaN layer to mimic the
different heat source distributions during device operation.
The thermal resistance of the different samples is deduced
by conducting experiments with a series of power dissi-
pations. It is found that with the decrease in the heat source
size, the measured thermal resistance becomes higher than
Fourier’s law-based predictions, which can be attributed to
the phonon ballistic effects. Hybrid phonon MC-diffusion
simulations are carried out to investigate the influence of
the phonon ballistic transport. It is illustrated that with the
decrease in the size of the heat source, the ballistic effect
with the heat source size comparable with phonon MFP is
significantly enhanced, which leads to a much higher hot-
spot temperature. The results emphasize the necessity of
multiscale simulations and the need of high-resolution
experiments to accurately predict the device junction
temperature.
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