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ABSTRACT
Researchers have been extensively studying wide-

bandgap (WBG) semiconductor materials such as gallium
nitride (GaN) with an aim to accomplish an improvement in size,
weight, and power (SWaP) of power electronics beyond current
devices based on silicon (Si). However, the increased operating
power densities and reduced areal footprints of WBG device
technologies result in significant levels of self-heating that can
ultimately restrict device operation through performance
degradation, reliability issues, and failure. Typically, self-
heating in WBG devices is studied using a single measurement
technique while operating the device under steady-state direct
current (DC) measurement conditions. However, for switching
applications, this steady-state thermal characterization may lose
significance since high power dissipation occurs during fast
transient switching events. Therefore, it can be useful to probe
the WBG devices under transient measurement conditions in
order to better understand the thermal dynamics of these systems
in practical applications. In this work, the transient thermal
dynamics of an AlGaN/GaN high electron mobility transistor
(HEMT) were studied using thermoreflectance thermal imaging
and Raman thermometry. Also, the proper use of iterative pulsed
measurement schemes such as thermoreflectance thermal
imaging to determine the steady-state operating temperature of
devices is discussed. These studies are followed with subsequent
transient thermal characterization to accurately probe the self-
heating from steady-state down to sub-microsecond pulse
conditions using both thermoreflectance thermal imaging and
Raman thermometry with temporal resolutions down to 15 ns.

Keywords: Gallium nitride (GaN), high electron
mobility transistor (HEMT), power electronics, Raman
thermometry, self-heating, thermal dynamics, thermal

management, thermoreflectance thermal imaging, wide bandgap
(WBG)

NOMENCLATURE
Eg
2DEG
CTR
Tdelay

Ton

IaS/IS

P
VDS
VGS

Bandgap energy
Two-dimensional electron gas
Thermoreflectance coefficient
LED pulse temporal location
Electrical pulse width
Anti-Stokes/Stokes Raman intensity ratio
Power density
Drain-source voltage
Gate-source voltage

1. INTRODUCTION
Wide bandgap semiconductor materials such as silicon

carbide (SiC) and gallium nitride (GaN) have been replacing
silicon (Si) as the standard material in high frequency and high
power electronics [1]—[7]. While SiC has high thermal
conductivity [8] suggesting superior thermal performance, GaN
has reasonably high thermal conductivity [8] in addition to
numerous superior electronic properties. These include its wide
bandgap (Eg —3.4 eV), high breakdown field, and high saturation
velocity [8]—[11]. These material properties are promising for
high temperature, high voltage, and high frequency operation.
Furthermore, due to spontaneous and piezoelectric polarization
effects in A1GaN/GaN heterostructures [12], [13], high electron
mobility transistor (HEMT) structures can be fabricated that
utilize a two-dimensional electron gas (2DEG) as the device
current channel. The high carrier concentration and mobility in
the 2DEG results in reduced sheet resistance, lowering
conduction losses [14]—[16]. The high breakdown field also
allows fabrication of shorter channel devices; in combination
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with the high saturation velocity and high mobility, this can lead
to reduced switching losses [14]—[16].

However, the concurrent benefits of size reduction and high
voltage and high current operation are also accompanied by
aggravated device self-heating. Extreme localized heat
generation due to the electric field concentration near the drain-
side corner of the gate structure results in intense heat fluxes and
significant temperature rise [17]—[21].

Self-heating is detrimental to device performance and poses
reliability issues. It degrades electrical performance due to the
temperature dependence of the electrical properties such as
electron mobility [22]. Self-heating also compromises the
mechanical stability of the devices due to the induction of
thermal stresses arising from the mismatch in the thermal
expansion coefficients of GaN and the substrate material [23],
[24]. Furthermore, the combination of thermal, piezoelectric, and
residual stresses can also cause electrical performance
degradation due to defect creation or a critical total stress can be
reached at which point there is catastrophic failure [25], [26]. As
such, self-heating is inherently a reliability issue which degrades
performance and reduces component mean-time-to-failure [27].

Experimental analysis of both the steady-state and transient
device thermal response are crucial to understand device
electrothermomechanical interactions and electrical implications
associated with self-heating. Moreover, accurate thermal
characterization enables calibration with multi-physics models
to determine peak operating temperatures which are used for
lifetime assessment [27], [28] and to analyze the effectiveness of
thermal management solutions [29]—[31]. In addition, these
models can be used to better understand the coupled
electrothermal device physics which can be difficult or
impossible to study experimentally. Therefore, it is necessary to
confidently and accurately characterize the thermal response of
the devices to better understand the device physics and ensure
long-term and stable operation.

Several thermal characterization techniques are commonly
used to quantify self-heating in electronics including infrared
thermography, Raman thermometry, and thermoreflectance
thermal imaging [32]—[37]. While infrared thermography is the
most common method employed, it has been shown to
underestimate the peak temperature rise [37]—[39]. The temporal
resolution of transient infrared thermography is limited to
microsecond levels; therefore, it is not capable of capturing the
thermal dynamics important in hard switching applications with
rapid transient high power dissipation in the nanosecond regime
[40], [41]. Raman thermometry is very effective as a point
measurement technique to determine the temperature rise in the
semiconductor channel under both steady-state [32], [33], [42]
and transient [43], [44] measurement conditions.
Thermoreflectance thermal imaging is also well-suited for
steady-state and transient microelectronics temperature
assessment due to the abundance of metallization structures and
two-dimensional mapping capabilities [34], [45]. However, due
to low signal-to-noise ratios, it commonly employs a iterative
lock-in measurement scheme which forces synchronization of
pulsed device operation and optical probing [46]. Improper use

of this technique resulting from failure to fully understand the
thermal dynamics of the system can result in reporting of quasi-
steady state temperature rises in the device channel which can be
significantly lower than the true steady-state value.

In this work, the thermal dynamics of an A1GaN/GaN
HEMT will be studied through integrated transient optical
probing using thermoreflectance thermal imaging and Raman
thermometry. A brief review of the fundamental concepts of
these techniques will be followed with a discussion concerning
proper use of thermoreflectance thermal imaging for steady-state
temperature quantification. This discussion will be succeeded by
complete lateral and vertical transient thermal characterization
using both thermoreflectance thermal imaging and Raman
thermometry. The complete transient thermal analysis permits
insight into the thermal dynamics present in the operating
regimes of high power switching applications and potential
thermal management approaches.

2. MATERIALS AND METHODS
Thermal characterization was performed on a single-fmger

A1GaN/GaN high electron mobility transistor (HEMT) using
thermoreflectance thermal imaging and Raman thermometry. In
order to optically probe the entire lateral and vertical domains of
the device structure, variations of each technique were also used.
Both visible and ultraviolet (UV) wavelength thermoreflectance
thermal imaging were used to probe the metallization structures
and GaN channel, respectively. Both standard Raman
thermometry and nanoparticle-assisted Raman thermometry
were used to probe the Si substrate and channel surface,
respectively.

2.1 Device Description
The A1GaN/GaN HEMT was grown on a 650 p.m thick Si

substrate. A 4.3 µm thick GaN buffer was grown on the Si
substrate followed by a 20 nm A10.23Ga0.77N barrier layer to form
the 2DEG. The structure was capped with a 4 nm GaN layer and
passivated with a 20 nm Si02 layer. Ti/Al/Ni/Au (20/100/25/50
nm) Ohmic contacts were formed with e-beam evaporation
followed by rapid thermal annealing at 800 °C. A Ni/Au (20/200
nm) Schottky gate was also formed using e-beam evaporation
with a gate length of 2 gm and a 11.,tm gate-overhang on both the
drain and source sides of the gate. The source-gate and drain-
gate spacing are 3 µm and 15 lam, respectively. The gate width
is 100 lam. Both a top-side view and a cross-sectional schematic
of the device structure are shown in Fig. 1.
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FIGURE 1: (a) Top-side and (b) cross-sectional view of the
A1GaN/GaN high electron mobility transistor analyzed in the study.

2.2 Thermoreflectance Thermal Imaging
Thermoreflectance thermal imaging is ultimately governed

by the temperature and wavelength dependence of the complex
index of refraction. Experimentally, the temperature dependence
of the reflectance of the material is measured using a CCD
camera. This is because the complex index of refraction
describes the reflectance of a material [47].

If the temperature dependence of the reflectance can be
determined, the material temperature can be monitored. This
relationship is established through the introduction of the
thermoreflectance coefficient (CIR) defmed below [46], [47]:

_ 1 OR _ 1 R—Ro
CTR 0 OT Ro T—To 

(1)

where Ro and To are the reflectance and temperature at the
unpowered (cold) state and R and T are the reflectance and
temperature at the powered (hot) state (Fig. 2). If the
thermoreflectance coefficient is known and the reflectance at
two different temperatures is measured, it follows that the
temperature difference between these two states can be
calculated. For example, the reflectance of the surface of a
microelectronic device can be measured at a "hor temperature
during the ON-state and at a "cold" temperature during the OFF-
state. Using the CIR of the device surface and Eq. 1, the
temperature rise of the device surface can be calculated. As
mentioned above, the complex index of refraction and thus the
reflectance is also wavelength dependent; this allows for the
testing of various wavelengths to maximize the
thermoreflectance coefficient.
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FIGURE 2: A schematic illustrating the synchronized electrical and
LED pulsing in the lock-in modulation scheme employed for
thermoreflectance thermal imaging. The top of the figure shows the
repetitive cycling involved to accumulate the reflectance signal over
many periods. The bottom of the figure highlights the pulse
synchronization for one period.

However, the CIR is still typically only on the order of 10-5
K-1 to 10 K-1; therefore, it is desirable to enhance the signal-to-
noise ratio by employing a lock-in modulation scheme [46]. In
this measurement scheme (Fig. 2), an electrical pulse train
biasing the device causes a repeated change in reflectance, and
the "hor and "cold" reflectance are repeatedly measured using
a fixed LED pulse train that is synchronized with the electrical
pulse train. The lock-in modulation allows the reflectance signal
to be accumulated over many periods reducing the required
measurement acquisition time. As such, thermoreflectance
thermal imaging is an iterative measurement technique. This
pulsed measurement technique can be easily transformed for
transient thermal characterization by shifting the temporal
location of the LED pulse (,Tdelay) inside the device voltage
electrical pulse width (Ton) as shown in Fig. 2.

Thermoreflectance thermal imaging is uniquely applicable
for the thermal characterization of microelectronics due to the
abundance of highly reflective metallization structures. Also, by
changing the LED illumination wavelength, more regions of the
device can be probed. For example, the GaN channel region is
transparent to visible wavelengths because the bandgap of GaN
(-3.4 eV) is greater than the corresponding photonic energy of
visible wavelengths. However, ultraviolet LED illumination
wavelengths such as 365 nm (-3.4 eV) probe the GaN channel
region and enable thermal measurements near the heat
generation in the 2DEG channel located near the A1GaN/GaN
heterointerface as shown in Fig. 1. Moreover, by using multiple
illumination wavelengths, not only can the entire device surface
be probed, but measurements results can also be validated by
measuring a specific region with multiple LED illumination
wavelengths.
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In this study, thermoreflectance thermal imaging was
conducted using a Microsanj NT-210A system equipped with a
3-axis piezo-controlled stage and a 1626 x 1236 pixel charge
coupled-device (CCD) camera. Visible 530 nm LED
illumination was used to probe the temperature of the metal gate,
drain, and source contacts, and ultraviolet 365 nm LED
illumination was used to probe the temperature of the GaN
channel regions.

2.3 Raman Thermometry
Raman thermometry entails the use of Raman spectroscopy

to perform temperature measurements. Raman spectroscopy uses
monochromatic photonic excitation to probe the energy of the
crystal lattice vibrations (phonons). Incident photons interact
with the crystal lattice through scattering events. The vast
majority of these scattering events are elastic: the photon
incident upon the sample is emitted from the sample with no
change in the photon energy (wavelength). This elastic scattering
where the incident and emitted photons have the same energy is
known as Rayleigh scattering. Much less frequently, these
scattering events are inelastic: the photon incident upon the
sample is emitted from the sample with either an increase or
decrease in the photon energy. This inelastic scattering where the
emitted photon has either gained or lost energy with respect to
the incident photon is known as anti-Stokes or Stokes Raman
scattering, respectively. The manifestation of these scattering
processes in a typical Raman spectrum are shown in Fig. 3(a).
As a consequence of the conversation of energy, the increase or
decrease in the emitted photon energy with respect to the incident
photon energy is due to the annihilation or creation of a phonon
in the crystal. The difference in the incident and emitted photon
energy is therefore indicative of the phonon energy (frequency)
in the crystal [48].

There are a few effects of temperature on phonon
characteristics that can be observed in Raman spectra. These
include peak position shifts, peak broadening, and changes in the
ratio of anti-Stokes/Stokes Raman peak intensities (LOS) [32],
[42]. These phonon characteristics and the effect of temperature
are shown in Fig. 3(b). If the rate of change of these
characteristics with temperature is known, changes in the Raman
spectra between two states can be measured and used to
determine a temperature change. For example, a semiconductor
material in a microelectronic device could be measured with
Raman spectroscopy during the unpowered OFF-state and
during a biased ON-state and the change in the characteristics of
the Raman spectra could be monitored to determine the operating
temperature rise in the semiconductor. Among the three methods
for measuring temperature with Raman spectroscopy, the peak
position-based method is the most common. This is because the
linewidth method has large measurement uncertainty and
generally lower sensitivity to temperature, and the anti-
Stokes/Stokes intensity ratio method requires expensive notch
filters and longer acquisition times. The drawback of using the
peak position-based method is that the Raman peak position is
sensitive to both temperature and temperature-induced thermo-
elastic stress which can lead to inaccuracies in the thermal

measurement [32], [42]. However, this can be overcome using
specialized forms of Raman thermometry such as nanoparticle-
assisted Raman thermometry which will be discussed shortly.
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FIGURE 3: (a) A typical Raman spectrum showing (from left) anti-
Stokes Raman, Rayleigh, and Stokes Raman peaks. (b) The effect of
temperature on the peak position, linewidth, and anti-Stokes/Stokes
intensity ratio (Ias/Is) in the Raman spectra. The spectra shown in (b) is
the same as for (a) with the exception of the Rayleigh peak which has
been removed. All Raman spectra shown are of a Ti02 nanoparticle. The
Raman peak observed at approximately +145 cm-1 is the Ti02 Eg phonon
mode.
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Similar to thermoreflectance thermal imaging, Raman
thermometry is uniquely applicable for the thermal
characterization of microelectronics because it can probe the
temperature of the semiconductor materials of which these
devices are based. If the laser wavelength and corresponding
energy is less than the bandgap of the semiconductor, there is a
finite amount of depth-averaging [49]. If the laser energy is
above the bandgap of the semiconductor, the surface temperature
will be measured as laser absorption will occur; in this case, laser
heating and photocurrent induction must be considered. While
Raman spectroscopy cannot be used to directly probe metals,
nanoparticle-assisted Raman thermometry can be used to
indirectly probe the temperatures of metals [50]. In addition, this
variation of Raman thermometry can be used to measure the
surface temperature of semiconductors whose bandgaps are
greater than the laser energy of the Raman system. Nanoparticle-
assisted Raman thermometry involves the deposition of
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Source

nanoparticles on the surface of the device to be used as
temperature transducers (Fig. 4). The nanoparticles are assumed
to be in thermal equilibrium with the device surface, not alter the
intrinsic temperature distribution, and experience negligible
thermal stress. This facilitates the use of peak position-based
methods for thermal characterization as there are no stress effects
on the nanoparticle Raman peak positions.
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FIGURE 4: (a) Schematic of nanoparticle-assisted Raman
thermometry showing the probing of the TiO2nanoparticle on the device
surface using the Raman laser. (b) Optical image of TiO2 nanoparticles
deposited on the A1GaN/GaN HEMT. The yellow sphere and outline in
(a) and (b), respectively, indicate the location of the TiO2 nanoparticle
measured in this study.

The standard Raman spectrometer can be used for steady-
state thermal characterization, but with additional equipment
Raman thermometry can be used for transient measurements
(Fig. 5). The transient measurement experimental set-up in Fig.
5 adopts a lock-in modulation scheme similar to
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thermoreflectance thermal imaging in which the electrical and
laser pulse trains are synchronized and the signal accumulates
over many periods. Using the experimental set-up in Fig. 5, a
temporal resolution of 15 ns was achieved and used in this study.

Both nanoparticle-assisted and standard Raman
thermometry were used to probe the surface and Si substrate
surface temperatures of the A1GaN/GaN HEMT, respectively.
The surface temperature was probed using titanium dioxide
(Ti02) nanoparticles (99.98% purity) [50]. Raman thermometry
was performed using a Horiba LabRAM HR Evolution
spectrometer in a 180° backscattering configuration. The system
is equipped with 532 nm laser excitation (2.33 eV) and
measurements were performed with a long working distance
50X objective (NA = 0.45). To minimize the laser heating effect
in the Si substrate and TiO2 nanoparticles, a low laser power (-1
mW) was adopted. Systematic error was monitored and
corrected using a reference mercury emission line at 546 nm.

3. RESULTS AND DISCUSSION

Since thermoreflectance thermal imaging is a pulsed
measurement technique, it is important that the user ensures that
the device under test is allowed to reach a true steady state
condition. The device electrical pulse width (7-00) set as a
measurement input parameter for a fixed duty cycle (Fig. 2)
should never be arbitrarily chosen; this should be determined by
performing transient thermal characterization to analyze the
transient thermal response of the device using various device
electrical pulse widths. The electrical pulse width should be
continually increased until there are no more increases in the
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FIGURE 5: The (a) experimental set-up and (b) synchronized pulsing scheme used to enable transient measurements using Raman thermometry.
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temperature measured at the end of the electrical pulse (T in Fig.
2). Also, the duty cycle selected should be low enough to ensure
that the entire material stack has sufficient time to cool to the
reference base temperature (To in Fig. 2) before the reference
reflectance signal (Ro in Fig. 2) is measured. To determine the
electrical pulse width, a small region of interest (ROI) is often
selected on an important feature of the device to determine the
pulse width at which no further increases in temperature are
observed with increasing electrical pulse width; for the
A1GaN/GaN HEMT used in this study, this feature would
generally be the gate contact due to the localization of heat
generation at the drain-side corner of the gate [17], [19], [51].
However, another important consideration is lateral heat
spreading; while the gate may approach its steady state value at
a given pulse width, other features of the device may not have
reached the steady state temperature due to the thermal lag
arising from the electrical pulse width dependent thermal
penetration length, i.e., the lateral extent where temperature rise
above the base plate temperature of the device under test (DUT)
occurs as a result of lateral heat spreading This will be
demonstrated using the A1GaN/GaN HEMT shown in Fig. 1 for
electrical pulse widths of 10 Its, 100 µs, and 1000 us. The
A1GaN/GaN HEMT was biased to operate with a power density
of P = 6 W/mm for all electrical pulse widths. The drain-source
voltage (VDS) was held constant at 28 V while the gate voltage
(VGS) was adjusted to maintain constant power density.

The transient thermal response of the A1GaN/GaN HEMT
for each electrical pulse width is shown in Fig. 6 for ROIs on the
gate and drain contacts. The temperature rise for each ROI
shown is normalized with respect to the steady-state temperature
rise for the respective ROI (i.e. TGate, 10 ps /TGate, steady-state)• For the
electrical pulse width of 10 [Ls, it can be seen that neither the gate
nor the drain contacts reach their steady state value. Furthermore,
while the gate contact reaches almost 90% of its steady-state
value in 10 'us, the drain contact only reaches approximately 50%
of its steady state value due to the thermal lag imposed by the
finite thermal penetration length. For the electrical pulse width
of 100 j.ts, the thermal penetration length has increased and the
thermal lag between the gate and drain contacts has reduced
significantly as the gate and drain ROIs have respectively
reached approximately 95% and 90% of their steady state
temperature rise. It should be noted that if only the gate ROI was
used, it would appear that the device has reached a steady state
condition when in fact this is only a quasi-steady state condition
in the vicinity of the heat source. As can be clearly seen from the
drain ROI, the true device steady-state condition has not been
reached. When the electrical pulse width is increased to 1000 jus,
it is finally possible to observe that all features on the device
surface have reached the true steady state condition. Careful
consideration should be given to ensure that all regions of the
device have reached a true steady state condition as shown in
Fig. 6.
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FIGURE 6: (a) Top-side view of the device highlighting the gate
(black) and drain (red) regions of interest during the transient thermal
characterization. (b), (d), and (f) The transient temperature rise of the
gate and drain regions from (a) normalized with respect to the steady-
state temperature rise of the respective region for electrical pulse widths
of 10 us, 100 us, and 1000 ifs. (c), (e), and (g) Thermal image of the
device surface using visible 530 nm thermoreflectance thermal imaging
for electrical pulse widths of 10 ps, 100 us, and 1000 us.

An extreme case demonstrating poor selection of the
electrical pulse width is shown in Fig. 7. The A1GaN/GaN
HEMT was biased at the same conditions as in Fig. 6 (P = 6
W/mm, VDS = 28 V), however, the electrical pulse width was set
to 1 las and measured with a temporal resolution of
approximately 50 ns. Under this electrical pulse width condition,
the gate contact can be seen to clearly demonstrate significant
temperature rise (-40 °C), yet the drain contact shows absolutely
no temperature rise. If evaluating the steady-state thermal
response of the device, this thermal characterization would be
meaningless, but for some switching applications [52] where
there are fast transient heating events, this thermal analysis can
be quite useful and insightful.
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FIGURE 7: A thermal image of the device surface using
thermoreflectance thermal imaging with 530 nm illumination. The
thermal map was obtained for an electrical pulse width of 1 Rs and an
LED pulse width of 50 ns.

Using the transient measurement capabilities of both visible
and ultraviolet thermoreflectance thermal imaging, the transient
temperature response of the entire device surface, i.e., the lateral
thermal dynamics of the device, can be determined. The
Microsanj NT-210A thermoreflectance imaging system allows a
temporal resolution down to 50 ns. The thermal analysis can be
extended using the developed transient Raman thermometry set-
up (Fig. 5) to enable integrated optical probing through the
material stack thickness, i.e., the vertical thermal dynamics, of
the A1GaN/GaN HEMT with a temporal resolution down to 15
ns. Using 365 nm and 530 nm LED illumination with
thermoreflectance thermal imaging to respectively probe the
GaN channel and metal contacts (gate, drain, and source) and
nanoparticle-assisted and standard Raman thermometry to
respectively probe the TiO2 nanoparticle (surface) and Si
substrate surface, the multidimensional thermal response of the
device as a function of electrical pulse width can be determined
and analyzed. These results are shown in Fig. 8 for the
A1GaN/GaN HEMT operating with a power density of P = 6
W/mm at VDS = 28 V. For measurement of the GaN channel and
metal contacts with 365 nm and 530 nm LED illumination, two-
dimensional point-by-point C IR calibration maps were used. For
365 nm illumination of the GaN channel, the average C IR was
approximately -2.8 x 10-3 K-1, and for 530 nm illumination of the
metal contacts, the average Cm was approximately -1.5 x 10-4 K-

For the maximum electrical pulse width (1000 pis), the
temperature rise in all regions of the device are seen to reach the
steady-state value. The maximum temperature rises in the device
are seen at the gate, drain-side of the channel, and the TiO2
nanoparticle acting as a surface temperature transducer on the
drain-side of the gate (Fig. 8). This is expected because these
three locations are all nearest to the localized heat generation
which occurs at the drain-side corner of the gate in the GaN
channel layer. The temperature rise measured on the drain-side
of the channel is observed to be slightly less than the temperature
rise measured for the gate and TiO2 nanoparticle. This

discrepancy is due to edge effects occurring at the gate field plate
edge [53] and finite distance between the ROI and the drain-side
edge of the gate where Joule heating is concentrated [17], [19],
[51]. The source-side channel temperature rise is observed to be
less than on the drain-side which is understandable since the
localized heat generation is on the drain-side edge of the gate.
Because the drain and source Ohmic contacts are the farthest
from the heat generation and the Si substrate acts as a heat sink
underneath the GaN, these regions are observed to have the
lowest temperature rises.
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FIGURE 8: (a) Cross-sectional view of the device showing the
measurement locations using nanoparticle-assisted and standard Raman
thermometry; the former probes the TiO2 nanoparticle (black sphere, 1)
and the latter probes the Si substrate surface (red square, 7). (b) Top-
side view of the device showing the measurements locations using
ultraviolet 365 nm (3, 4) and visible 530 nm (2, 5, 6) thermoreflectance
thermal imaging. (c) The temperature rise as a function of electrical
pulse width for the 7 regions of interest highlighted in (a) and (b).

As the electrical pulse width biasing the device is gradually
decreased, the temperature rise in all regions is seen to decrease.
While the power density remains constant, reducing the
electrical pulse width results in less averaged power/heat
generation. As the electrical pulse width is continually
decreased, a transient regime 1 gs) is reached where there is
almost no measurable temperature rise in the drain and source
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Ohmic contacts or the Si substrate surface. This is because the
finite thermal penetration length from the heat generation source
at the drain-side corner of the gate has now been reduced to a
length scale less than or equal to the gate-drain and gate-source
contact spacings, and the thermal penetration depth has been
reduced to a length scale less than the GaN channel/buffer layer
thickness. Therefore, from the integrated optical probing of the
device thermal dynamics, a thermal penetration length of
approximately 4-5 p.m is observed at an electrical pulse width of
1 µs (10% duty cycle, 10 las period). Due to limitations on the
LED pulse width (-50 ns) using thermoreflectance thermal
imaging, the minimum electrical pulse width for which the
thermal response could be measured was 1 jus. However, using
transient Raman thermometry with a temporal resolution of 15
ns, the electrical pulse width can be further reduced. With an
electrical pulse width of 500 ns, no heating is observed in the Si
substrate while a temperature rise of approximately 30 °C is
measured for the TiO2 nanoparticle at the device surface. This
quantification further solidifies the concept of the finite thermal
penetration depth which has been reduced to less than the
thickness of the GaN channel/buffer (-4.3 p.m) for a 500 ns
electrical pulse width.

4. CONCLUSION
For pulsed measurement techniques such as

thermoreflectance thermal imaging, it is important that the user
understands the effect of the input parameters on the dynamic
thermal response of the device and properly selects electrical
bias inputs including the electrical pulse width and duty cycle
that allow the entire device under test to reach a true steady state
condition. As demonstrated in this work (Fig. 6), if the electrical
pulse width is arbitrarily selected, experimental results can fail
to truly capture the steady-state thermal response of the device.

However, since the electrical pulse width can be controlled
as an input parameter, experiments to analyze the lateral thermal
dynamics of devices can be performed. The use of both visible
and ultraviolet thermoreflectance thermal imaging allows
measurement of the metal contacts and semiconductor channel
regions, respectively. As a result, the thermal penetration length
for a given device surface geometry can be determined. In
combination with standard and nanoparticle-assisted Raman
thermometry, it is also possible to probe the vertical thermal
dynamics of the device. From Fig. 8 it can be seen that as the
pulse width is decreased, the thermal penetration depth
eventually becomes less than the thickness of the GaN
channel/buffer layer. This indicates that for certain power
switching applications with fast transient heating events, the role
of the substrate in thermal management could be insignificant.

The integrated optical probing of the thermal dynamics of
the A1GaN/GaN HEMT can also be extended in order to
understand the thermal dynamics of emerging ultrawide bandgap
(UWBG) device technologies such as Al.Gai -.INT and Ga203
[54]—[59]. Since the thermal penetration length and depth are
proportional to the square root of the thermal conductivity [60],
the thermal response times of these UWBG device technologies
are expected to increase; therefore, longer electrical pulse widths

must be employed in order to measure the true steady state
thermal response. To demonstrate the increased thermal
response time for UWBG devices, the thermal responses of an
A10.45Ga0.55N/A10.30Gao.70N HEMT [56] and an A1GaN/GaN
HEMT from the same device die as the one used in this study
with a similar device geometry (Lgate = 2 gm, Lgate-drain = Lgate-source
= 4 µm) were measured using thermoreflectance thermal
imaging (530 nm illumination) with electrical pulse widths
varying from 1 las to 60 seconds (steady state) and a 10% duty
cycle (Fig. 9). The steady state temperatures of each device
feature (gate and drain) were used to normalize the temperature
rises as a function of electrical pulse width. As shown in Fig. 9,
the thermal time constants (time to reach —63% of the steady
state temperature rise) of the gate/drain contacts were —3/-10 [Ls
and —30/-300 [Ls for the A1GaN/GaN and
A10.45Ga0.55N/A10.30Gao.7oN HEMTs, respectively. This metric
quantitatively indicates the slower thermal response of the
UWBG A1GaN material. The slower thermal response can also
be seen qualitatively by the systematic shift in the normalized
temperature rises of the A10.45Gao.55N/A10.30Gao.7oN HEMT as
compared to the A1GaN/GaN HEMT. Therefore, for switching
applications with fast transient heating events, thermal obstacles
resulting from increased thermal resistances can be alleviated
allowing the performance benefits from the improved electrical
properties of next generation UWBG materials to be realized.
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