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ABSTRACT

Ultrawide bandgap (UWBG) semiconductor materials, such as b� Ga2O3 (gallium oxide), AlN (aluminum nitride), AlxGa1�xN (AlGaN),
and diamond, have emerged as essential candidates for components in high-power, high-frequency applications due to their superior elec-
tronic properties. However, with the exception of diamond and AlN, these materials present unique thermal management challenges, primar-
ily because of their low thermal conductivities that are incapable of managing the demand for high power densities. Therefore, novel thermal
management approaches that feature new device architectures are needed to prevent excessively high peak temperatures in UWBG devices.
In parallel, accurate device-level thermal characterization (with high spatial/temporal resolution) is crucial to verify and optimize these
designs with an overall goal to improve device performance and reliability. This paper discusses current thermal metrology techniques used
for UWBG semiconductor devices covering: optical methods (Raman and thermoreflectance); electrical methods (gate resistance thermome-
try); and scanning probe methods (scanning thermal microscopy). More specifically, the steady-state and transient capability of each thermal
metrology is explored and the limitation of each technique is highlighted. Finally, this perspective outlines potential advances in transient
thermoreflectance imaging including a hyperspectral approach for nitride based heterostructures and a sub-bandgap excitation technique for
gallium oxide based electronics. Additionally, the development of a future thermoreflectance microscope is presented. This microscope fea-
tures high optical transmission, in the deep ultra violet wavelength range, for near bandgap thermoreflectance imaging of UWBG devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0256723

I. ULTRAWIDE BANDGAP SEMICONDUCTOR
TECHNOLOGIES FOR HIGH POWER APPLICATIONS

The semiconductor industry has evolved through phases of
innovation to meet the increasing demands for devices operating at
higher power and frequency. Although silicon (Si) has historically
dominated due to its abundance and ease of processing, increasing
demands for a higher power density and switching frequency have
limited the electrothermal performance of Si based components and
have prompted the adoption of wide bandgap (WBG) semiconduc-
tors such as gallium nitride (GaN) and silicon carbide (SiC).1 To
achieve further advancements in the device performance, research-
ers are exploring the adoption of ultrawide bandgap (UWBG) semi-
conductors, characterized by bandgaps> 3.4 eV.2 These materials,
such as gallium oxide, AlN, AlGaN, and diamond, exhibit high
breakdown electric fields, thermal stability, and low intrinsic carrier
concentrations, making them promising for the next-generation
power and RF transistors with high-field, high-temperature, high-
frequency applications.1–3

A comparison of the thermal and electrical properties of
relevant semiconductors for power and RF electronics is summarized
in Table I. Electrically, the high critical field of UWBG semiconductors
enables devices to withstand large potential differences across reduced
channel spacings (<2lm), enabling device/system miniaturization
through reduced circuit component requirements as well.3 On the
other hand, despite the improved thermal resilience associated with
the wider bandgap,1,3,4 the higher power densities will lead to localized
Joule heating that generates hot spots on the order of 1lm or less. The
resulting temperature profile will feature steep temperature gradients
(10–15 �C/lm),5 which will generate significant thermal stress near
interfaces (up to GPa) due to the mismatch in the coefficient of ther-
mal expansion.6 With thermal conductivities ranging from 10 to
30Wm�1K�1 for most UWBG semiconductors (diamond and AlN
being notable exceptions), efficient heat dissipation becomes a critical
challenge to ensure the reliability and performance of devices.3

Moreover, the poor thermal properties of UWBG semiconductors,
especially oxides and ternary alloys, result in orders of magnitude
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lower thermal diffusivity compared to binary nitride and carbide com-
pounds, directly impacting the device’s dynamic cooling and heat
accumulation.

Thermal characterization of semiconductors has traditionally
been conducted using optical techniques15,16 to understand the funda-
mental thermal transport across sub-micrometer thin films and inter-
faces present in device structures. Example studies include: impact of
impurities/dislocations on thermal conductivity;17 film/substrate ther-
mal boundary resistance;18 and thickness and temperature-dependent
thermal conductivities.19However, material-level thermal characteriza-
tion cannot elucidate the thermal impact of device operation, such as
field distribution effects and device geometry,20 which is unique to a
functioning device. Therefore, advanced thermal metrology techniques
with high spatial (<1lm) and temporal resolution (<200 ns) are
essential to optimize heat dissipation and fully exploit the potential of
UWBG semiconductor devices.8 In contrast to single point measure-
ments, thermal mapping will provide guidelines for device geometry
and quantify the impact of biasing, thermal crosstalk, and buffer layer
selection. Beyond the thermal challenges, widespread adoption of
UWBG semiconductors (except gallium oxide) faces practical obstacles
such as limited substrate availability with high costs, and yield process-
ing issues.1 The ability to dope both n-type and p-type also remains a
barrier for some UWBG semiconductors.1,2 By combining exceptional
electrical properties with ongoing improvements in thermal manage-
ment and manufacturing, UWBG materials represent a transformative
step forward in semiconductor technologies for high-power and high-
frequency applications.

II. DEVICE LEVEL THERMAL CHARACTERIZATION
STRATEGIES

Accurate temperature profiles with sub-micrometer spatial reso-
lution are crucial to understanding the thermal behavior of UWBG
devices. Dimensional analysis using the Biot number (Bi ¼ h � L=k),
Knudsen number (Kn ¼ K=L), and Fourier number (Fo ¼ a � t=L2),
with the thermal diffusivity a defined in the typical manner
(a ¼ k=qcp), will tend toward Bi � 1, Knu 1, and Fo � 1. A low

Fourier number (Fo) will result in highly localized heating, whereas a
low Biot number (Bi) demonstrates that conduction is the nearly
exclusive mode of heat transfer throughout the thin film structure.
Moreover, a high Knudsen number (Kn) confirms that nanoscale pho-
non effects will be highly relevant to the conduction process.4,21 The
relevant phonon effects are boundary, defect, and Umklapp scattering.
Boundary scattering, which occurs at film interfaces, may be well
understood by pump-probe thin-film measurements [time and fre-
quency domain thermoreflectance (TDTR and FDTR)]16 and can be
fairly well predicted analytically.22 Defect scattering22 (a mechanism
that governs thermal conductivity at low temperatures) can occur in
natural, strain-induced, and manufacturing-induced defects (etching,
metallization, doping, etc.).22 Umklapp scattering, which results from
the net momentum in phonon scattering not being conserved, causes
decreases in thermal conductivity with increasing temperature and will
exacerbate poor thermal transport.12

In addition to the phonon and thin crystal film effects, heat trans-
fer in WBG/UWBG devices is also a function of the electrical field
(bias-dependent Joule heating).23,24 The non-uniformity of the Joule
heating profile originates from the change in the electric field across
the channel. Specifically, during RF operation, the voltage swing
applied to the gate will change the location of the peak temperature in
the device.25,26 This time-dependent phenomenon prevents device
engineers from relying on one thermal measurement technique to esti-
mate the peak temperature for lifetime and reliability.27 This suggests
that direct thermal mapping of devices, coupled with thermal conduc-
tivity measurements of the devices’ constituent materials, is essential
for electro-thermal co-design of UWBG semiconductor devices.8

The experimental methods discussed in Table II are key methods
in use for the study of semiconductor devices. This is not an exhaustive
list; notable absences include time domain thermoreflectance (TDTR),
frequency domain thermoreflectance (FDTR), and steady-state ther-
moreflectance (SSTR), which are generally more valuable from a mate-
rials characterization perspective than for the characterization of
devices.16 As suggested by the non-dimensional analysis, the experi-
mental methods should have spatial and temporal resolution better

TABLE I. Key electrical and thermal parameters of selected semiconductor materials.

Material Bandgap (eV)
Bulk critical

field ðMV=cmÞ
Carrier

mobility ðcm2V�1s�1Þ
Thermal

conductivity ðWm�1K�1Þ
Thermal

diffusivity ðcm2s�1Þ

Si 1.127 0.37 Channel:a 14008 1597 0.97

6H-SiC 3.029 2.59 Channel:a 10208 390 in-plane10 1.62

4H-SiC 3.269 2.29 Channel:a 10208 415 in-plane10 1.72

GaN 3.47 37 2DEG Channel:b 20008 23011 0.87

b� Ga2O3 4.82 10.32
Electron: 1801

Hole: -1 11-2712 0.07

Diamond 5.52 132
Electron: 45001

Hole:38001 22902 12.5

Al0:85Ga0:15N
c 5.618 10.78 Channel:a 2508 8.58 0.03

AlN 62 12.313
Electron: 4261

Hole: -1 31914 1.36

aChannel carrier mobilities are combined hole and electron mobilities measured in representative devices.8

bCombined mobility in the 2DEG.8

cThe properties of AlGaN vary non-linearly with the aluminum content.
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than approximately 1lm and 100ns in order to monitor the behavior
of localized heating clusters during operation. For this reason, thermal
characterization methods that rely solely on DC and/or pulsed electri-
cal characterization data are of limited utility compared to the techni-
ques discussed in this perspective because they will only resolve
average temperatures within the device and may not fully capture any
locally and spatially discrete regions of interest.28 As long as signal to
noise ratio is tolerable, better spatial and temporal resolution is desir-
able. Measurements would also ideally be non-contact to avoid inter-
ference with the thermal and electron transport processes, but it is
sufficient to use methods that do not disturb these processes or do so
in a well-understood manner.

All optical methods are ultimately diffraction limited and depen-
dent on the wavelength being used for the measurement.29

Thermoreflectance imaging (TTI) and Raman spectroscopy, which
typically use visible wavelengths, permit for sub-micron spatial resolu-
tions. Infrared (IR) thermal imaging, due to the associated long IR
wavelengths, however, is limited spatially to resolutions of approxi-
mately 5lm and thus better suited for high throughput thermal map-
ping on the system and package level.30

A. Transient thermoreflectance imaging (TTI)

TTI is a lock-in technique that leverages linear changes in reflec-
tivity as a function of temperature to create submicrometer resolution
thermal maps.32 LED and laser-based TTI methods exist, with differ-
ent advantages and challenges.33–35 This paper focuses on the LED-
based approach due to the wide-field nature of the measurement, low
intensity of the light used that may minimize photo-induced cur-
rents,35 and the ease by which LED sources may be changed on our
experimental apparatus. By uniformly illuminating the device surface
with a collimated monochromatic light emitting diode (LED), a
charged coupled device (CCD) camera is used to measure the change
in reflection of each pixel (reaching down to 55nm/pixel with an
100� objective).36 The highest signal to noise ratio for TTI is
achieved when synchronizing the device pulse (<30% duty cycle) and
LED pulse (<2% duty cycle) to capture the reflectance change
between the device’s ON and OFF state. The time delay between the

LED and the device pulsing can be varied to capture the structure’s
transient temperature rise and decay. Through the implementation of
a piezoelectric stage with advanced auto-focusing features, TTI images
can be averaged over thousands of cycles (with acquisition time-
s< 1min) to provide localized temperature variations within a device.
The distribution at each time step may also be considered sequentially
to evaluate the transient behavior. This technique is non-contact,
allowing temperature measurements without physically altering the
intrinsic device operation. Furthermore, TTI can reach temporal reso-
lutions down to 50ns (minimum stable pulse width of a commercial
LED) to dynamically characterize power switching devices up to
5MHz.15,37,38 However, TTI’s sensitivity depends on the optical and
electrical properties of the material, as discussed in further detail in
Sec. III, which has offered very significant challenges with UWBG
materials.

In principle, TTI depends on the change in reflectivity that
occurs on a material surface as its temperature changes. The com-
monly used linear approximation of the relationship is shown in Eq.
(1), where at a specific wavelength the change in reflectivity and the
reflectivity at a reference condition (OFF-state), DR and R, respec-
tively, is related to a change in temperature (DT) through the ther-
moreflectance coefficient CTH,

16

DR

R
¼

1

R

dR

dT

� �

DT ¼ CTHDT: (1)

The calibration of a TTI experiment involves setting the device at
a constant uniform temperature (Tcold) and measuring the relative
change in reflected intensity (DR=R) using monochromatic excitation
between this reference state, Tcold, and when the device temperature is
elevated (Thot). Typically, the calibration is performed with a thermo-
electric stage (in contrast to resistive heaters)39 that can alternate
between Tcold and Thot in< 5min. The fast cycling allows averaging
the change in reflectance over multiple cycles in an effort to reduce the
large noise associated with steady state TTI. Since the experiment is
quite sensitive, the acquisition of accurate CTH values is a significant
undertaking that requires extensive calibrations.40 TTI is uniquely able
to measure both metallic (unlike Raman) and nonmetallic structures
with the appropriate choice of excitation wavelength.41 Gold metallic

TABLE II. Comparison of some thermal metrology methods.

Method
Lateral

resolution (lm)
Temporal

resolution (ns)
Widefield
capability

Surface temperature
capability Restrictions

TTI 0.265 50 Yes Yes Wavelength-material matching

GRT N/A u0:1a No No Metallic structures

Raman Spectroscopy 0.354b �1000c Yesd No Nonmetallic materialse

SThM 0.050 u0:1a No Yes Contact measurement

Infrared Thermal Imaging 5 u270f Yes Yes May require coatings

aTechnique is limited by thermal propagation into the metallic structure and the speed at which a signal may be detected electrically. At the time of writing, oscilloscopes capable of

approximately 10GHz sampling are available, corresponding to 0.1 ns resolution, but with finite heat transfer rates, the real resolution is likely somewhat longer.
bLimited by the wavelength of the chosen excitation laser and numerical aperture (NA) of the optical system. This resolution is calculated for a typical laser wavelength of 532 nm

with a systemic NA of 0.75.
cLong acquisition times are typical with conventional Raman spectrometers, but modern developments in the field of high-speed and transient Raman are quite promising.31

dConsidering the use of Raman active nanoparticles to ensure a surface reading. Otherwise, there are important depth averaging factors to consider.
eThe use of Raman active nanoparticles can allow measurement of metallic structures, as the nanoparticles themselves.
fBased on the availability of commercial high speed IR cameras.
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structures (such as transistor gates) are well measured with 470 and
530nm light sources,42 but the resolution of thin gate structures (gate
lengths on the order of 100nm in RF devices) can be diffraction lim-
ited. The same experimental apparatus, with a change in wavelength,
may also be capable of measuring the surface of a device channel,
allowing complete device thermal maps to be constructed by using
multiple probe wavelengths.

B. Gate resistance thermometry (GRT)

In contrast to optical methods, gate resistance thermometry
(GRT) is a temperature sensitive electrical parameter (TSEP) method43

that monitors the change in transistor gate metal resistance with tem-
perature.44 For relatively wide ranges of temperature (100–500K), the
metallic resistance varies linearly with temperature45 and can be
acquired using a four-wire Kelvin setup (supplying a probe current
and measuring the voltage drop across the gate width). Prior to moni-
toring the in situ temperature, the gate metal temperature coefficient
of resistance (TCR) is extracted via a calibration with a temperature-
controlled stage. Once calibrated, the four-wire resistance measure-
ment can be executed by supplying a probe current during drain and
gate biasing. Based on the electrical setup, GRT can capture both the
steady state and transient temperature rise in the gate metal tempera-
ture with minimal averaging.44 For GaN high electron mobility transis-
tors (HEMTs), the hotspot is typically located near the drain edge of
the gate,46which can make the GRTmeasurement an accurate temper-
ature sensor within close proximity to the peak temperature rise.
Specifically, GRT can be advantageous in comparison with other
methods when the hotspot is optically restricted by a field plate.27

Despite GRT’s high throughput, caution must be taken when
using this technique to benchmark devices that undergo different proc-
essing methods or have different geometries. For long gate widths (>
400lm), the spatially averaged temperature can under predict the
peak temperature by 20%.47 When comparing on-wafer GRT mea-
surements to substrate thinned packaged devices, the TCR was shown
to change by 15%48 due to a potential change in the chemical composi-
tion of the gate metal during packaging. Furthermore, the instability of
the TCR has been reported in GaN HEMTs for acquisition periods
over a few hours, thus requiring re-calibrations.49

C. Raman spectroscopy

Raman spectroscopy is a canonical method for the characteriza-
tion of phonon vibrational modes. In crystalline materials, the energy
and lifetime of these phonon modes can be related to the strain, tem-
perature, and electric field in the crystal.50With careful calibration, it is
possible to use mathematical techniques to decouple these parameters
in a device.51,52 For device thermal characterization, confocal Raman
spectroscopy is used as a point measurement technique by focusing a
laser (beam diameter size u1 lm) near the device’s hotspot (depen-
dent on optical access). However, high photon densities are required
to induce Stokes and anti-Stokes scattering events in detectable quanti-
ties, which can impact the device’s carrier transport.53 Long acquisition
times are thus typically implemented to minimize the impact of the
laser on carrier excitation or avoid laser-induced heating in some
cases.54 This limitation has made large area temperature mapping
studies51 or lock-in transient measurements55 severely time consuming
(in addition to requiring an efficient method for high throughput curve

fitting). Nevertheless, Raman thermometry has demonstrated accurate
peak temperature evaluation in UWBG heterogeneous structures,56–58

and high-throughput methods are making rapid developments31 that
may be applied for thermal mapping in the next decade.

Other challenges faced by Raman thermometry included depth
averaging over thick epitaxial layers due to sub-bandgap excitation
sources.15 For example, thick buffer layers (5lm) are typically required
for GaN on Si substrate HEMTs. The device temperature extracted
from the GaN phonon frequency for the structures has been reported
to under predict the peak (surface) temperature by 40%.59 Moreover,
the challenge with depth averaging has been encountered in UWBG
devices, such as gallium oxide or diamond,60 where the active channel
is homoepitaxially grown on a native substrate. The deposition of
Raman-active nanoparticles61 or 2D materials62 to act as surface tem-
perature transducers has been developed to overcome these challenges
and provide an accurate surface temperature measurement. However,
conformal and uniform nanoparticle deposition across the device
topography and dissimilar material surfaces has proven challenging
for high spatial resolution mapping.59

D. Scanning thermal atomic force microscopy (SThM)

Scanning thermal atomic force microscopy employs a thermal
probe affixed to the end of an atomic force microscope probe to map
temperature gradients and thermal conductivity across a device sur-
face.63–65 This technique was initially developed using a Wollaston
wire and later developed with the introduction of palladium thermis-
tors (measuring a change in resistance due to a change in tempera-
ture). Both of these technologies, however, faced challenges when
probing areas with active current since direct contact with the metal
tip would cause electrical interference. Recent advances in designing
SThM tips has reduced the electrical contact area by depositing an
SiO2 thermal insulating layer below an integrated a sub-micron scale
thermocouple.66 By mapping the temperature distribution at the scales
beyond the diffraction limit, SThM provides very detailed insight into
surface thermal behavior. Although SThM offers unparalleled spatial
resolution (50 nm),67 its contact-based nature can affect quantitative
measurements and the applicability of the method may vary depend-
ing on the thermal conductivity of the material, as the tip can act as a
heat sink, altering the thermal profile.68 Other scanning probe techni-
ques, such as scanning joule expansion microscopy,69,70 have been
developed simultaneously for device thermal mapping. These techni-
ques accurately generate thermal distribution profiles but face chal-
lenges in quantifying accurately the temperature rise.

III. CHALLENGES IN TTI FOR UWBGMATERIALS

Traditional, commercially available TTI systems have relied on
the strong reflectance of gate metals in transistors to estimate the
device peak temperature rise. Typical gate lengths, however, can reach
down to 100 nm (designed for RF applications), which can restrict the
use of TTI due to its diffraction-limited spatial resolution. Channel
temperature measurements, via direct thermoreflectance of the semi-
conductor channel, must thus be used to estimate the peak tempera-
ture. Moreover, probing the active channel surface temperature will
unlock the true potential of TTI’s high throughput spatial and tempo-
ral mapping. The physical mechanism by which photon reflection at a
semiconductor surface occurs is a significant challenge in TTI, espe-
cially in the exploration of UWBG semiconductors. The photon
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wavelength is proportional to the energy of the photon, and complete
reflection from the top surface is not expected to occur if the energy of
the incident photon does not meet or exceed the energy of an electron
state transition. These sub-bandgap photons transmit through materi-
als with partial reflection and some transmission.71 As the layers of
these devices are quite thin, this can result in Fabry–P�erot (thin-film)
interference patterns. Photons with energy in excess of the bandgap
energy will reflect,41 but they will also impart energy into the material,
which may excite additional carriers. The consequences of optical car-
rier excitation may range from device damage to poor experimental
control.7

The necessity of bandgap-photon energy matching possesses sig-
nificant technical challenges for UWBG materials.72 The well-known
relationship between photon energy and wavelength allows for easy
calculation of the required light source via the classic equation
k ¼ hc=E0. In a UWBG material, the bandgap energies correspond to
wavelengths in the deep-UV range of the optical spectrum. For exam-
ple, b� Ga2O3 has a bandgap of approximately 4.8 eV, which corre-
sponds to a wavelength of approximately 258 nm. However, the
commercial availability of deep-UV light sources and optical elements
(mirrors, lenses, etc.) is poor, and it is important to consider alternative
approaches to near-bandgap TTI.

IV. FUTURE DEVELOPMENTS IN TTI AND OTHER
THERMAL CHARACTERIZATION TECHNIQUES

A. Hyperspectral TTI

Inspection of Eq. (1) suggests that another measurement can be
made using the change in surface reflectivity (under biasing) and CTH.
In particular, if multiple independent values of CTH and changes in
DR=R are measured, the change in temperature should be the slope of
the linear relationship between the two measured quantities. CTH is
not directly controllable, but by changing the wavelength of the inci-
dent light source, it can be indirectly adjusted. This type of measure-
ment is known as a hyperspectral TTI (HTTI) measurement,73,74 and
it offers many advantages over a traditional TTI measurement at the
expense of experimental complexity.

Primarily, HTTI’s measurement accuracy does not depend solely
on a strong reflected light signal. Due to the noise associated with TTI
calibrations, the temperature map acquired from a traditional single
excitation wavelength requires an external verification. The tempera-
ture could be verified by an alternative method in combination with
numerical modeling: Raman for the channel temperature33 and GRT
for the gate metal temperature. If the user has a limited setup, however,
a secondary probe wavelength is used to acquire a TTI map and a CTH.
The images are considered accurate when close agreement is observed
between the temperatures acquired by independent wavelengths.75,76

The dual wavelength approach faces setbacks if there are temperature
discrepancies between the two wavelengths or if there is simply not a
secondary wavelength available that outputs a strong thermoreflec-
tance signal (a primary concern for the acquisition of the channel tem-
perature). Furthermore, even with close agreement in temperatures,
the user would not know if there is a systematic offset in the tempera-
ture values. By using three or more wavelengths, the HTTI approach
can be externally verified by ensuring a good linear fit that crosses the
origin. A significant variation in the DR=R quantity between different
wavelengths is helpful for having a well-defined and fitting friendly
relationship.73,74

For the purpose of demonstrating a hyperspectral study, a single
finger AlGaN/GaN-based HEMT integrated on a diamond substrate
with a thin SiN interlayer was fabricated and is shown in Fig. 1(a).77,78

Figure 1(a) also shows the reflection paths expected of a bandgap
matching surface reflection and a sub-bandgap reflection dominated by
Fabry–P�erot interference. The device geometry featured a 75lm gate
width (Wg) and 3lm gate length (Lg). The gate to drain spacing was
10lm, and the channel spacing (LCH) was 15.5lm. GaN, with a
bandgap of�3.4 eV, has a corresponding wavelength match at approxi-
mately 365nm, although the bandgap is sensitive to stresses developed
in the manufacturing processes.23,79 Four series of TTI measurements
were conducted using wavelengths of 365, 385, 470, and 530nm. The
365nm wavelength is used as a reference in order to verify the hyper-
spectral measurement. These measurements were performed at the
region of interest (ROI1) indicated in green in Fig. 1(b). The red “Gate
ROI” (ROI2) was also analyzed, and the results of the HTTI analysis are
included in the supplementary material. In all measurements, the devi-
ces were operated with a power density of 5:4W=mm at VGS ¼ 1V
with a 400ls pulse width and a 20% duty cycle. The drain-source voltage
(VDS) was adjusted during each measurement to maintain a constant
power density across all wavelengths (in the range of 12.8–13.75 V).
Small changes in the drain bias (<1V) were assumed to have an insig-
nificant impact on the Joule heating profile.

The thermoreflectance spectrum for the GaN channel ROI1 con-
firms a strong thermoreflectance signal originating from sub-bandgap
wavelengths [Fig. 1(c)]. The reflected light, measured by the CCD, is
governed by Fabry–P�erot interference, which can be approximated as
a combination of the surface temperature and depth-averaged temper-
ature.80 There is a small reflection at the upper surface and another at
the AlGaN/GaN interface, and the interference between the reflections
is governed by the optical path length. As the device heats up, this path
length changes due to thermal expansion, which produces a tempera-
ture dependent reflectivity and facilitates the use of thermoreflectance
methods.80 The effects of depth averaging are expected to be minimal
in this case due to the thickness of the layer being far below 700nm.78

For the ROI1 shown in Fig. 1(b), it is possible to extract the values
of DR=R and CTH for each wavelength, and those values are shown for
the 385, 470, and 530nm wavelengths in Fig. 1(d). Within ROI1, the
temperature rise is evaluated from the slope of a linear fit of the DR=R
and CTH relationship and in this case is 15:446 0:63 �C.

Considering the whole channel, as shown in Fig. 2(a), it is possible
to perform this hyperspectral analysis for the entire field of view with
an advanced piezoelectric stage for autofocusing and pixel alignment.81

After performing a pixel-by-pixel alignment of the optical CCD images,
Figs. 2(b) and 2(c) show the magnitudes of DR=R and CTH maps at
probe wavelengths of 385, 470, and 530nm, respectively, with identical
spatial locations for each pixel. For each wavelength excitation, CTH

and DR=R values are thus known for each pixel and the HTTI analysis
may be performed on a pixel-by-pixel basis. After this careful pixel-by-
pixel alignment, Fig. 2(d) shows the resultant temperature field from
the hyperspectral linear fit. The hyperspectral image is subsequently
compared with the thermal image obtained via near bandgap thermore-
flectance using a 365nm LED [Fig. 2(e)]. Good agreement is seen with
less than 5% difference. The marginally higher temperatures observed
in the 365nm map are attributed to the near bandgap TTI being pre-
dominantly a surface temperature measurement, whereas the sub
bandgap HTTI represents a weighted depth-averaged temperature.
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Regarding the corresponding R-squared (R2) values of the fit, the
R2 map can be used to determine the successful implementation of
HTTI for different regions (a verification method that is not possible
with a single wavelength). The region of low R2 in the channel,
depicted in Fig. 2(d), is correlated with a region of irregular CTH and
DR=R seen in the 385nm wavelength. In this region, the 385nm wave-
length did not give a strong reflection, which is possibly attributed to
the presence of defects (a phenomenon discussed in Sec. IVB). Based
on Fig. 2(d), the largest area with a consistently high R2 (>0.9) corre-
sponds to the upper half region of the channel. The temperature distri-
bution across the channel is therefore extracted from the upper half to
compare the HTTI channel temperature profile to the individual probe
wavelengths [Fig. 3(a)]. As expected, the peak temperature is located
near the gate edge on the drain side. The gate temperature profile
obtained from the 470 and 530nm LED is plotted in Fig. 3(a) (wave-
lengths that have historically shown good accuracy for gold). The con-
tinuity in temperature distribution across the gate metal and channel
further verifies the accuracy of using hyperspectral imaging to evaluate
the channel temperature of WBG and UWBG semiconductors.

In addition to mapping the temperature distribution, a transient
sweep was performed to further understand the temperature depen-
dency of the sub-bandgap thermoreflectance. To increase the signal to

noise ratio, a fourth additional sub-bandgap wavelength was imple-
mented (415nm). Figure 3(b) depicts the transient thermal profile for
a 1ls drain pulse dissipating 5.4W/mm at a 15% duty cycle. The tem-
perature was extracted at the 8:6 lm position along the line described
in Fig. 3(a). The shorter pulse width enabled faster temporal resolution
(50ns), which is required to detect any subtle differences between the
different wavelengths. Consequently, the shorter pulse width also
reduced the time for cooling between consecutive pulses, which caused
heat accumulation in the OFF state.82 The increased reference state
temperature thus resulted in a 20% lower peak temperature.
Nevertheless, the 1ls transient sweep enabled a direct comparison of
the 365nm transient response compared to the sub-bandgap HTTI.
The two datasets overlap significantly; however, the 365nm results in
14% higher peak temperature near the end of the pulse. The increase
in temperature confirms the hypothesis that sub-bandgap TTI is not a
true surface temperature measurement.

Figure 3(c) portrays the channel temperature profile along the
gate width at a distance of 1lm away from the drain side of the gate
metal [origin shown in Fig. 2(a)]. The 530 nm reading shown in
Fig. 3(c) represents the nearby gate metal temperature and confirms
the symmetric distribution of temperature along the gate width as
shown in the channel. In this case, it is clear that the hyperspectral

FIG. 1. (a) A simplified schematic of redan AlGaN/GaN HEMT (left) on thick CVD diamond substrate that was thermally characterized using transient thermoreflectance imaging
(TTI) for different probe wavelengths (k). A simplified schematic of the GaN on a diamond transmission/reflection system (right) showing a surface level, bandgap matched
reflection, and a multisurface reflection, which gives rise to Fabry–P�erot interference. (b) Optical CCD image of the device featuring the channel length (LCH) and the gate length
(LG). The region of interest (ROI1), represented as a green square, was used to extract the thermoreflectance coefficient (CTH) and the reflectance change (DR=R). (c) Steady
state thermoreflectance spectra of the device while operating at a power density (P) of 2.7W/mm. (d) Temperature measurement of ROI1 based on the linear fit of the hyper-
spectral TTI method. The thermoreflectance response of ROI1 was recorded for three different wavelengths (385, 470, and 530 nm) at P¼ 5.4 W/mm and plotted against CTH

calibrated for each wavelength.
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result closely matches the nearby 530 nm result on the gate metal, and
regions corresponding to elevated error in the 365 and 385nm compo-
nent signals nevertheless show the expected behavior in the HTTI
result. This noise insensitivity is due to the tendency of a linear data fit,
which is performed as a part of the HTTI data processing, to minimize
the effects of outliers. In regions where a component signal is
carrying significant noise content, the HTTI result is expected to be
more accurate when the R2 value is high and the DR=R vs CTH rela-
tionship has a y-intercept near to zero [see Fig. 1(d) for a representa-
tive plot of this type].

In summary, the HTTI method is very well suited for cases where
photon-induced currents are particularly undesirable because it can be
executed entirely with sub-bandgap wavelengths. While the HTTI
method is significantly more work than the use of a single sub-
bandgap source for TTI, it has the advantage of providing two mecha-
nisms for error checking and estimating. The first is that by checking
for the y-intercept of the HTTI fits, regions where the intercept is not
near zero may be identified as being suspect and can be addressed. The
second, is that by providing an R2 map, the fit quality may be used to
evaluate the accuracy of the measurements spatially. It is also possible
to use the fitting process to provide a true error bound estimate, rather
than depending on statistics on the pixels in an assumed-to-be-
uniform temperature ROI.

B. Sub-bandgap TTI

Historically, it has been assumed that the thermoreflectance sig-
nal from a semiconductor originates from the photon–electron shell

interaction occurring only at the bandgap energy between the semi-
conductor’s conduction and valence bands.15 This has been supported
by experimental work on GaN HEMTs, which has shown near-
bandgap TTI channel measurements agree with the gate metal surface
temperatures.41 However, previous work has also reported a notable
thermoreflectance signal from both GaN and gallium oxide with sub-
bandgap excitation sources,81,83 as also shown in Figs. 1(c) and 4(a).
There are likely at least two mechanisms by which sub-bandgap ther-
moreflectance methods may be applied. In the first case, there are het-
eroepitaxial, thin film structures, which use Fabry–P�erot interference
patterns as the governing mechanism. In the second case, there are
methods based on the measurement of other electron transitions in
the channel, namely, in this case, channel material defect transitions,
which may be used for some homogeneous structures.

In the case of WBG devices grown on non-native substrates, such
as the device in Fig. 1(c), the thermoreflectance spectra typically dem-
onstrate multiple oscillations, which originate from Fabry–P�erot inter-
ference patterns.15,80,85,86 The accuracy of the estimated surface
temperature, derived from the sub-bandgap thermoreflectance image,
is highly dependent on the layer thicknesses. In particular, internal
reflections across thick buffer layers (e.g., 5lm) reduce the signal to
noise ratio (due to a lower CTH

87) and ultimately underestimate the
true surface temperature. On the other hand, as shown in Fig. 3(a),
sub-bandgap probe wavelengths can approximate the channel temper-
ature for devices with thin buffer layers (<1lm). Since the bandgap of
a semiconductor is highly stress dependent, a fixed probe wavelength
may create a thermoreflectance image composed of both near bandgap
and sub bandgap regions with significantly different CTH’s. As

FIG. 2. (a) Optical CCD image of the device’s channel and gate metal studied with transient thermoreflectance imaging (TTI). (b) Map of absolute value of reflectance change,
DR=R, measured during TTI with a 385, 470, and 530 nm LED. A 400 ls pulse width with a 20% duty cycle was applied to the device while maintaining a constant VGS ¼ 1 V.
The average power density was 5:4W=mm, and the thermal images were averaged over the last 25 ls of the pulse. (c) Map of absolute thermoreflectance coefficient, CTH, for
the given excitation wavelengths. The calibrations were calculated based on a temperature rise of 100 �C. (d) Computed hyperspectral transient thermoreflectance image
(HTTI) and corresponding R2 map. (e) Reference temperature map using a 365 nm LED, which is a bandgap match and expected to give an accurate surface temperature.
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mentioned in Sec. IVA, the spatial variation of CTH can be accounted
for with a pixel-by-pixel calibration (likewise the uncertainty of CTH

can be reduced through the hyperspectral approach).
Previous thermal studies on UWBG devices with homoepitaxial

layers, such as gallium oxide, have shown thermoreflectance spectra
with different behavior83 [Fig. 4(a)]. For the gallium oxide device ana-
lyzed, the Ga2O3 epilayers were homoepitaxially grown,83 and so
Fabry–P�erot interference is unlikely to occur due to the lack of a dis-
tinct material transition, suggesting an alternative mechanism for sub-
bandgap thermoreflectance.

In the gallium-oxygen system, there are more possible electron
transitions than the valence-conduction band transition typically con-
sidered in a semiconductor material system. Some sources, in discus-
sion of UID gallium oxide, suggest the presence of defect gallium
acceptors and defect oxygen donors by experiment84 with theoretical

support provided by the density functional theory (DFT) and tight-
binding models where they are addressed as inter-subband transi-
tions.88 Other experiments, considering Fe3þ and Cr3þ doped gallium
oxide systems, show electron transitions related to exchanges in and
out of the impurities.89 The thermoreflectance spectra shown in
Fig. 4(a) show a high degree of sensitivity in the vicinity of 470 nm,83

which corresponds to the energy levels associated with defect-based
UID gallium oxide electron transitions associated with quantum wells
formed by clusters of gallium acceptor defects.84,88,90,91

Despite the presence of aluminum doped surface layers and an
iron doped substrate layer, this device does not show the characteristic
activity peaks at 690, 696, and 709nm associated with Fe3þ doping89

as shown in Fig. 4(a) or any other regions of high activity, which might
be attributed to the aluminum. This suggests that the aluminum alloy-
ing content might not be sufficient to produce a measurable effect, or

FIG. 3. (a) Extracted temperature profile across the GaN channel (x axis) corresponding to the column averaged upper half of Fig. 2(a) (red dashed rectangle). The HTTI tem-
peratures are evaluated with the 385, 470, and 530 nm wavelengths, and a 365 nm temperature rise profile is shown for comparison. The temperature profile across the gate
metal is shown for a 530 and 470 nm excitation, but 365 and 385 nm are not shown on the metal due to the poor reflectivities of those wavelengths. The R2 values of the HTTI
fit are shown in red on the right vertical axis. (b) HTTI transient profile (evaluated with 385, 470, and 415 nm) over a device power cycle, averaged over approximately 5200
cycles at each time step (50 ns). The region of interest is located along the same line as the profile of Fig. 3(a) at the 8:6lm position. (c) HTTI (evaluated with 385, 470, and
530 nm) temperature distribution along the channel width (y axis). The profile is extracted 1 lm away from the gate metal [coordinate shown in Fig. 2(a)]. The R2 values of the
HTTI fit are shown in red on the right vertical axis. An additional cross section temperature profile of the gate metal, using a 530 nm LED, is shown for comparison. (d)
Temperature profile along the channel width for 385 and 470 nm excitation, which is used for HTTI analysis. The temperature profile acquired from 365 nm excitation is shown
for comparison.
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does not do so, but additional experimentation is necessary to confirm
this hypothesis. Alternatively, the iron doping in the substrate may not
be sufficiently homogeneous to create a broadly detectable TTI signal,
as is shown in Remple et al.,89 where the iron and chromium impuri-
ties structures are active in photoluminescence experiments, but the
emissions are localized to dopant clusters.

As shown schematically in Fig. 4(b), the active electronic transi-
tions in addition and the main bandgap, E0, are shown. The corre-
sponding band diagram is shown in Fig. 4(c). These transitions result
from the interactions between a gallium defect acceptor band and an
oxygen defect donor band. Two of them, ED2 and ED3, are simple tran-
sitions between the donor and the defect acceptor bands. The third,
EW , is a set of transitions within a quantum well formed by shared
vacancies in the gallium-oxygen system and the defect donor band.
The photoluminescence results shown in Fig. 4(b) show good agree-
ment between the thermoreflectance spectra DR=R and the photon
emissions from these electron transitions.84,88,89,92

While the temperature extracted from sub-bandgap TTI
(k¼470nm) of ðAlxGa1�xÞ2O3=Ga2O3 HFETs has shown good agree-
ment with the gate metal temperature,83 the thermal characterization
of n-type Ga2O3 field-effect transistors resulted in severe temperature
underestimations.93 Given the proximity of the gallium-oxygen defect
transitions to the probing wavelengths in these studies, further investi-
gation is needed to characterize the defect concentrations in both of
these structures and relate it to the intensity of the thermoreflectance
signal. Nevertheless, sub-bandgap TTI could still be fruitful for lower
defect systems if systematic calibrations were applied via numerical
simulations. Furthermore, alternative characterization methods [such
as PL in Fig. 4(b)] could be used to characterize these electron transi-
tions and further develop sub-bandgap TTI as deep-ultraviolet (DUV)
optics (for near bandgap TTI) remain power-limited.

C. Advancements in TTI for UWBG applications: DUV

optics

To address near bandgap TTI for UWBG devices, a deep ultravi-
olet (DUV) LED-based TTI optical microscope is currently being opti-
mized for 265 nm (4.68 eV) transmission.72 Schematically shown in

Fig. 5, the microscope uses optical elements (collimator, beam splitter,
and polarizer) from commercial sources. The system currently faces
two limiting elements. The first is the LED intensity, which has a
55 mW output power, but it is reasonable to expect higher powers to
become available with future investments.94 UWBG semiconductors
materials are an enabling technology for the improvement of DUV
optoelectronics, and there is significant commercial and scientific
interest in the development of higher power LEDs and other optical
elements for this spectral region.1 As previously mentioned, photon-
induced currents are possible in near-bandgap measurements.
However, one can reduce this risk by using collimated, low power LED
light sources, or a uniformly expanded and collimated laser source. In
contrast to a highly localized illumination of a laser, diffuse lighting on
the device’s surface will minimize any potential differences within the
device, though a potential difference may still exist across the wafer.

FIG. 4. (a) Thermoreflectance spectra for a gallium oxide device reproduced from a previous publication on this device.83 (b) Comparison of photoluminescence (PL) intensity
and thermoreflectance (TR) spectra, at 300 K, highlighting the presence of increased sensitivity in the regions defined by the conduction-valence bandgap E0 and defect elec-
tron transitions ED2 through ED3, including the quantum well transition family EW adapted from Ref. 84 with additional emphasis.

FIG. 5. Schematic of DUV TTI Microscope. Optional elements shown are currently
being experimentally developed.
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With careful administration of the light source intensity and monitor-
ing of the detected signal strength, the photon-induced currents may
be kept to a practical minimum.35 It is good practice to monitor the
health of the devices under test by analyzing the device transfer curve
before, during, and after testing to assess for damage.

The second challenge associated with the DUV microscope is
the beam splitter, which is used to allow for the passage of incident
and returned light. In all commercially available TTI microscopes,
the beam splitter is used to bring the probe light onto the optical
axis, while still allowing the reflected light to reach the detector.15,16

A true 50–50 splitting element is used, and since the light emitted
from the LED must ultimately pass through the splitting element
twice to reach the detector, approximately 75% of the potential sig-
nal strength is lost.

Two optional elements are shown in the schematic, which are
currently being used to evaluate the advantages of using polarization
to permit more total light throughput. It is hypothesized that if a
beam-splitting element is used, which reflects only polarized light at
high efficiency, a polarized light source may be introduced into the
optical path with a low loss of useful light. Diffuse reflections are gen-
erally depolarized to a high degree, so the returned light would be
rejected at approximately a 50% rate, and the total light throughput to
the detector would be closer to 50% than 25% in the current state-of-
the-art. With the relatively low power output from commercially avail-
able DUV LEDs, the increased optical efficiency of the systemmay jus-
tify the increased complexity if polarized light sources are available in
the near future.

V. CONCLUSION

UWBG semiconductors offer many challenges and opportuni-
ties. The superior electronic properties of UWBG materials, such as
gallium oxide, AlN, AlGaN, and diamond, make them indispensable
candidates for high-power and high-frequency electronics applica-
tions. For gallium oxide and AlGaN, one challenge for their adop-
tion are constraints imposed by low thermal conductivity and
localized heating phenomena. For example, the native substrate
thermal conductivity (11–27Wm�1K�1) of b� Ga2O3 limits verti-
cal device development.12 The development of UWBG semiconduc-
tor devices continues to drive further advances in thermal metrology
techniques, and new technologies are emerging to meet the chal-
lenges outlined in this perspective.

GRT, Raman spectroscopy, and SThM are mature technologies,
and all offer unique advantages and will remain critical tools. TTI,
with its many advantages and challenges, will also continue to adapt to
the unique challenges of UWBG materials and devices. Hyperspectral
TTI offers tremendous potential for the characterization of UWBG
materials using sub-bandgap optical sources in this period where DUV
optics remain technologically and commercially limited. Hyperspectral
TTI measurements are challenging to execute compared to traditional
TTI methods, requiring exceptional image alignment across many
imaging sessions and optical source changes, but when successfully
executed offer good results as demonstrated with a WBG GaN case
study. The development of machine learning algorithms for thermal
imaging could improve the throughput of HTTI measurements and
reduce the uncertainly of pixel alignment.95

There is a tremendous opportunity to explore the use of other
electron state shifts for performing sub-bandgap TTI. Complex semi-
conductor material systems, such as gallium oxide with its six phases

and numerous alloys, demonstrate other photon–electron interactions,
which may be exploited for thermal metrology purposes. Deeper
understanding of these other photon–electron interactions, and cali-
bration of systems to accurately measure those transitions while reject-
ing others, is an avenue for future work that offers a significant
potential.

In parallel to the development of sub-bandgap TTI methods, it
is likely that DUV optical technology will also continue to mature.
At present, it is possible to perform TTI measurements of UWBG
materials directly if the low intensity of the light is properly
accounted for. It is highly probable that the availability of DUV
LEDs will improve in time. The adoption of UWBG material-based
technology is directly linked to the development of improved opto-
electronics1 in a manner, which is self-reinforcing—as adoption and
understanding of the materials grows so too will the availability of
optical sources in the DUV range of the spectrum, which can be lev-
eraged to perform TTI.

SUPPLEMENTARY MATERIAL

See the supplementary material for discussion of the hyperspec-
tral analysis on the gate metal of this AlGaN/GaN HEMT contrasted
with the channel.
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