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ABSTRACT

The poor thermal properties of Aluminum-Gallium Nitride (AlGaN) channel High Electron Mobility Transistors (HEMTSs) on sapphire
limit the device’s maximum switching frequency due to high channel temperatures. Extracting the correct thermal time constants can pro-
vide guidelines for the device’s safe frequency operation. This study experimentally quantifies the impact of pulse width and duty cycle on
the transient thermal dynamics of multi-finger AlGaN channel HEMTs. In most transient thermal metrology, lock-in averaging approaches
are leveraged to increase signal-to-noise ratio and measure the device’s relative temperature rise. Assuming no heat accumulation, the tem-
perature rise is used to quantify the device’s thermal resistance under continued pulsed biasing. For devices grown on sapphire substrates,
however, heat accumulation leads to elevated reference temperatures and causes the differential measurement to underestimate the peak
temperature. This study demonstrates the capability of transient Gate Resistance Thermometry (tGRT) to measure the absolute temperature,
which is required to precisely evaluate the device’s thermal resistance. When an absolute temperature measurement is not feasible (such as
thermoreflectance imaging), a solution is proposed to derive the peak temperature under pulsed biasing based on the differential temperature
under pulsing and the steady-state thermal resistance (which is typically easier to obtain). Finally, additional tGRT (without averaging) is
performed to demonstrate the temperature-dependent thermal time constants required to minimize heat accumulation effects.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0

International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0279372

Aluminum-Gallium Nitride (AlGaN) channel high electron
mobility transistors (HEMTs) offer significant advantages for power
electronics due to their large bandgap, which results in high break-
down voltages and low on-resistance compared to competitive
material systems such as Gallium Nitride (GaN)."” As a result of
the large bandgap, AlGaN offers excellent resilience at high tem-
peratures, and the material is known to demonstrate radiation
hardness—the properties do not change significantly in the pres-
ence of radiation’—which broadens the potential for this material
system in niche applications. The aluminum content of AlGaN has a
strong and non-linear influence on the material properties of the sys-
tem, particularly the bandgap, bulk critical electric field, and thermal
conductivity. When the aluminum content is low, AlGaN typi-
cally shows electrical properties similar to GaN (Eggax = 3.4° V,
EcGan =3° MV em™, xgany = 230" Wm™ K™') but with lower
thermal conductivity (xajgan = 8.5 — 117 Wm™! K™') because alu-
minum behaves as a lattice defect and increases the rate of phonon

scattering.” AlGaN with a high aluminum content resembles alu-
minum nitride (AIN) (Egan =6° V, Ecan = 12.37 MV cm™,
kaw = 319° Wm ™' K™') but also with reduced thermal conductivity
because gallium acts as a phonon scattering site.

The thermal characterization of AlGaN devices is essential
for their implementation due to the poor thermal conductivity of
the material. Device design must consider the thermal behavior of
the semiconductor material system, or the electrical benefits of the
system will not be fully realized due to poor thermal transport behav-
ior.” AlGaN devices can use higher thermal conductivity substrates
and thermal spreading structures'”'" to mitigate heat accumulation,
and it is important to verify that these design strategies achieve the
desired results. It is not always practical to use high thermal con-
ductivity substrates due to the small wafer sizes of AIN (typically
<6 in. or 150 mm), and the additional processing complexity of
the GaN-Diamond or GaN-Silicon Carbide systems results in high
costs. Sapphire is a low thermal conductivity substrate that offers
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advantageous wafer size (commercially available at >200 mm dia-
meter) and is already well commercialized for LED applications,
leading to advantages in cost. Given sufficient time, it is likely
that high thermal conductivity substrates will become commercially
viable, but in the intermediate timeframe, it is prudent to consider
the effects of sapphire substrates on the AIGaN channel HEMT.

Wide-field optical methods for the thermal evaluation of these
devices, such as transient thermoreflectance imaging (TTI),"” can be
implemented in some cases, but as the bandgap becomes large, it
becomes necessary to use deep-ultraviolet (DUV) optical systems'”
and these systems are still in their early developmental stages.'*
In addition, many AlGaN devices do not provide unobstructed
optical access to the channel due to thermal spreading structures,
field plates, and air bridges.'” Gate resistance thermometry (GRT)
is an alternative thermometry method particularly well suited for
complex device structures.!®

Previous work has explored the limits of thermal character-
ization on single-fingered HEMTs, especially as it pertains to the
choice of experimental conditions optimal for TTI and Raman
thermometry.”” Lundh et al. reported the minimum pulse width
required to reach steady state for both GaN HEMTs on Silicon
and AlGaN Channel HEMTSs on Sapphire. This work differentiates
itself by exploring the importance of the cooling time rather than
the rise time, and directly quantifies the impact of pulsed operat-
ing conditions on device thermal performance. Being a differential
temperature measurement, TTI requires sufficient time for cooling
to ensure no heat accumulation. The impact of heat accumulation is
thus quantified, and the effects of pulse width on transient thermal
crosstalk in multi-fingered devices are explored.

GRT is a thermally sensitive electrical parameter (TSEP)
method in which the electrical resistance of a metallic structure,
the gate, is used to evaluate the spatially averaged temperature of
the gate.'”'® For HEMTs, the maximum temperature is known to
be located in the channel immediately below the gate edge on the
drain side."”** Based on the peak temperature’s proximity to the
gate, GRT has proven to be an effective temperature measurement
technique for lateral HEMTs. The use of Kelvin (four-wire) probing
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allows for high-accuracy measurements of the TSEP, and it is known
that electrical resistance varies linearly with temperature over a very
wide range in metals (100-500 K is expected).”

As shown in Fig. 1(a), a six-fingered AlGaN channel HEMT
was investigated using transient GRT (tGRT). The epitaxial struc-
ture consists of a 30-nm-thick AlgssGag 5N barrier layer atop a
360 nm UID Al 51Gag49N channel. There is an AlGaN gradient layer
that transitions to an AIN smoothing layer, which itself is atop a
~430-pym-thick Al O3 (sapphire) substrate. The channel and buffer
layer thicknesses are reported in Refs. 24-26. The device is a six-
finger HEMT with a bridged source structure passing over each gate
and drain finger five times. One central gate finger is connected to
dedicated GRT probing and sensing pads, and the device does not
have a field plate. The gate length is 4 ym, and each gate finger width
is 100 ym. The gate-drain spacing is 8 ym, and the source-gate spac-
ing is 4 ym. All measurements were conducted by mounting the die
onto the temperature-controlled stage of a thermoreflectance imag-
ing station (for direct thermal comparison). Silver paste was applied
between the die and the stage to reduce the thermal boundary resis-
tance, and a thermocouple was placed near the die for accurate
temperature assessment during calibrations.

A Keithley 2400 SourceMeter is used to apply a probe current
Ip across the dedicated probing pads, as indicated in Fig. 1(a). This
current acts along the gate width of a central finger. On the oppo-
site sides of the probing pads, a Tektronix MS044 oscilloscope is
used to measure the voltage drop, Vgrr, corresponding to that cur-
rent, resulting in a Kelvin (four-wire) resistance measurement. By
controlling the device temperature and measuring the resistance, it
is possible to evaluate the thermal coefficient of resistance (TCR),
as shown in Eq. (1), where AT is the difference between the refer-
ence temperature (~20 °C) and the calibration temperature, Ry is the
resistance measured at the reference temperature, and the AR term is
the difference between the resistance at the calibration and reference
temperatures:'°

AR 1

TCR= — —. 1
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FIG. 1. (a) Simplified schematic of the six-finger AlGaN/AIN HEMT on a thick sapphire substrate that was thermally characterized. Probe locations are indicated for the
Kelvin (four-wire) resistance measurement of a gate finger. (b) Gate resistances measured at the controlled 20 °C calibration point for various probe currents, as well as
the fraction of the measured voltage Vgrr comprised by the correction voltage V. Error bars are present in this plot but are very small relative to the symbol size. (c)
Calibration curves for the various probe currents after correction, demonstrating strong agreement except at elevated currents. Error bars are present in this plot, but they
are small relative to the symbol size and are obscured. (b) Corrected and uncorrected resistance at 20 °C (left) and ratio Vc/Vgrr (right). (c) Corrected calibration.
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Once the TCR is derived from the calibration, Eq. (1) can
be rearranged to estimate the temperature rise during operation,
as shown in Eq. (2), where Vggr is the voltage measured during
device operation and V is the reference voltage used during the cal-
ibration.'® While this is shown in terms of AT, it is clear that the
reference temperature from the calibration may be used to evaluate
an absolute temperature rather than a change in temperature. It is
critical to note that the TCR is strongly dependent on the reference
voltage and temperature and is generally known to be unstable over
long time periods”” or upon exposures that may result in surface
chemical changes.'® It is good practice to perform TCR calibration
immediately prior to experimental characterization of the device and
to avoid using the same calibration for multiple devices, even if they
are located on the same wafer and share the same design:

2

AT = TCR™ x (V‘G/RT - 1).

0

Based on Eq. (2), the magnitude of the measured voltage is
controlled by the probe current. It was hypothesized that at low
probe currents, experimental sensitivity might be poor, but at ele-
vated probe currents, there might be probe-induced heating of the
gate or an alteration of the device performance due to changes in the
field induced by the additional current flow.'® To evaluate the effects
of probe current on these devices, calibrations were completed at
probe current Ip values of 5, 10, 20, 30, 40, and 50 mA in the range
of 20-120 °C with the gate and drain voltages held constant at zero
(Vps = Vs = 0 V). These currents correspond to a potential differ-
ence of ~0.015-0.5 V across the gate width. At all probe currents, no
difference was detected in the device transfer curve, but some dif-
ferences were observed in the calibration. Close inspection revealed
that there is a non-zero potential difference across the gate width
when the probe current is off. This small voltage is likely due to cur-
rent leakage from the device pulser heads used to excite the device
during the experiment and from the additive series resistances of
the oscilloscope probing station and is called the correction voltage
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V. As shown in Fig. 1(b), V¢ is 10% of the measured Vg at the
5 mA probe current but drops to 1.6% at the 30 mA probe current.
At the 20 °C calibration point, the measured resistance is shown to
range from ~2.7 to 2.93 Q. If the resistance is corrected by subtract-
ing V¢ from Vggr, the resistance is shown to vary only between
2.95 and 2.97 Q. Experimentally, V¢ did not vary with tempera-
ture up to 120 °C. Figure 1(c) shows the corrected calibration curves
over the entire temperature range of interest, demonstrating that if
stray voltages are properly accounted for, there is no difference in
the calibration curve or TCR. It is also notable in Fig. 1(c) that the
50 mA calibration is slightly different from the others, which sug-
gests the initiation of probe current self-heating effects. For further
measurements in this study, 30 mA is used as a probe current to
avoid self-heating effects but maintain a high signal-to-noise ratio.

The tGRT results of the device under pulsed operation are
shown in Fig. 2. Parts (a) and (b) show the complete temperature
profile of the device operating at Vps =20 V and Vgs=0 V for
several duty cycles (a = 5, 10%, 20%, 30%, 40%, and 50%) with con-
stant pulse width (equating to a peak power density of ~1.6 %).
The variation in duty cycle extends the off-period between succes-
sive activations, and the data shown are averaged over 500 cycles.
The figures show temperature magnitude rather than the typical
AT presented for a GRT measurement.'® Two key regions are shown
in Fig. 2(b) for clarity, but they may be observed in parts (a) and
(c) as well. These are the on-state high temperature ( Tig) and off-
state low temperature (Trow). In this analysis, the key temperatures
are calculated as an average over the last 5% of the on or off seg-
ment of the period, respectively. The difference TH,-g;, — TLow is the
measured AT, which would typically be reported in GRT or other
relative measurement strategies such as transient thermoreflectance
imaging (TTI).”

Figure 2(a) shows the 0.5 ms pulse width data, and there
is a clear upward trend in both the peak temperature and low
temperature as the duty cycle increases. This trend is also shown
in Fig. 2(b), corresponding to a 4.5 ms pulse width. Figure 2(c)
shows a single-shot (unaveraged) decay from a steady-state powered

a) Pulse Width: 0.5 ms b) Pulse Width: 4.5 ms c) Decay from Steady State
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FIG. 2. (a) Temperature rise and decay profiles at duty cycles of 5%, 10%, 20%, 30%, 40%, and 50% and a constant pulse width of 0.5 ms at 20 V. Each curve is averaged
over ~500 cycles, and a rise in temperature is seen with increasing duty cycle, which is attributed to heat accumulation. (b) Temperature rise and decay profiles at duty
cycles of 5%, 10%, 20%, 30%, 40%, and 50% and a constant pulse width of 4.5 ms at 20 V. Each curve is also averaged over 500 cycles and demonstrates the effects
of heat accumulation. Also shown are the regions of the temperature profile identified as the On-State High and Off-State Low temperatures. (c) A single-shot temperature
decay from extended (steady-state) constant voltage conditions. (a) Pulse width: 0.5 ms. (b) Pulse width: 4.5 ms. (c) Decay from steady state.
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TABLE I. Summary of time constants and amplitudes.

Voltage
Power density [%] (V) ACCC) 71(ms) B(°C) 72 (ms)
0.286 5 14.44 5.15 2.183 334.3°
0.743 10 57.22 10.02 7.014 188.4"
1.160 15 68.88 15.33 9.521 228.3"
1.530 20 103.3 18.33  13.09 180.6"

*Long time constants suggest that the acquisition duration may be too short. Regardless,
they comprise only a small fraction of the overall decay behavior, and the rapid decay
associated with the short time constant is the only part relevant to the analysis.

condition at Vps = 5, 10, 15, and 20 V. The device was powered for
several seconds until no change in temperature was seen prior to
being deactivated. Due to the large time scale in part (c), it appears
that these decays to the ambient temperature are quite rapid, but fit-
ting the decays with a two-term exponential,” as shown in Eq. (3),
reveals that the primary time constants follow the trends shown in
Table I, where even for a 5 V operating condition, corresponding to
a peak temperature rise of ~17 °C, at least a 5 ms decay should be
expected before the device returns to ambient temperature:

AT = Aewt + Cen. 3)

The origin of the variation of the thermal time constant with
respect to the input power requires a detailed analysis that is not yet
fully developed. Briefly, in this case, it is attributed to both the ther-
mal crosstalk between fingers of the HEMT**’ and to the thermal
penetration depth of the heating.’’ As the device is heated under
higher power conditions, the rate at which heat may be extracted
from the more central fingers is limited in the lateral directions
by the presence of heat caused by the other fingers.”””’ In addi-
tion, it is demonstrated in many introductory texts on heat transfer
that for a slab-type heat conduction problem subjected to a con-
stant heat flux at one surface, the thermal time constants may be

a) Pulse Width: 0.01 ms

b) Pulse Width: 0.5 ms
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well approximated by 7 = %, where x is the power-dependent ther-
mal penetration depth and D is the thermal diffusivity. Both the
crosstalk and penetration depth effects are expected to be relevant to
the observed phenomenon. Similar results have been observed but
not significantly discussed in GaN HEMTs.*

In light of the duration of the delay required for a device to
return to ambient temperature from even a low-power condition, as
shown in Table I, as 7y, it is clear that under the pulsed operating
conditions explored in this study, the device does not have sufficient
time to reject all of the heat between cycles. Figures 3(a)-3(c) show
the distribution of key temperatures over an operation cycle for vari-
ous pulse-width conditions, alongside the steady-state temperatures
observed at the given power conditions. The average power shown
is the power density [ -] multiplied by the duty cycle , thus show-
ing the average power dissipation over the complete cycle. Since each
experiment within a given pulse width was performed at 1.6 %, the
increase in average power corresponds to an increase in the duty
cycle. For the steady-state condition, the average power is equiv-
alent to the DC power. The temperatures THigh and Trow show a
strong upward trend, though this trend does not exactly parallel the
steady-state temperatures across the range of average powers inves-
tigated. The difference between Tpg, and Trow, denoted as AT, is
nearly constant over the range of average powers, implying that these
are dynamic equilibria where heat accumulates and raises the base
temperature Troy. If thermal resistance were calculated based on
AT and an assumed constant base temperature Tr,, the accumula-
tion effects would not be captured, and the thermal resistance would
be underestimated:

TAvg =ax AT + Tan- (4)

Figure 3 also shows the average temperature of the device,
calculated using Eq. (4). By inspection, Tay, corresponds very
well to the steady-state temperature. Additional experimentation
is required to confirm this conjecture, but it may be possible to
use this relationship to predict Tpyg, and Trow for a wide range

c) Pulse Width: 4.5 ms
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FIG. 3. (a) Key temperatures (T ow, THigh, TAverage) Observed in 0.01 ms pulse-width power cycles at 20 V for various duty cycles, alongside the calculated average
temperature and the steady-state temperature. (b) Key temperatures (T o, Tigh, T average) Observed in 0.5 ms pulse-width power cycles at 20 V for various duty cycles,
alongside the calculated average temperature and the steady-state temperature. (c) Key temperatures (Tiow, THigh, TAverage ) Observed in 4.5 ms pulse-width power cycles
at 20 V for various duty cycles, alongside the calculated average temperature and the steady-state temperature. In all three parts of this figure, the increase in average
power is attributed to an increase in the duty cycle, «, as the electrical drive parameters of the device (Vgs, Vps) are held constant. Pulse width: (a) 0.01 ms, (b) 0.5 ms,

and (c) 4.5 ms.
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of operating conditions from a significantly reduced dataset. By
obtaining a dataset that captures the steady-state heating behavior
and thermal resistance, one can estimate TH,»gh and T from the
measured AT and known duty cycle «, under the assumption that
TSteudy State = TAvg-

As previously established, heat accumulation can reasonably
be expected when the device does not have sufficient cooling time
(Off-State) to reject all the heat produced during the On-State. We
can estimate the required off-period by investigating the time con-
stants of the thermal decay from steady state. The first time constant
from Eq. (3), 71, is responsible for ~86.9 — 89% of the decay, which
makes it a reliable estimator for the minimum cooling time between
cycles to prevent the accumulation of heat. It is reasonable to expect
that the time constants are dependent on many features of this
device, including multi-finger thermal crosstalk and heat transfer
through the multi-layered structure into the substrate and thermal
chuck.”” The presence of a device package would also influence this,
if it were present. Within the limiting case of an unpackaged device,
Fig. 4(a) shows 71 plotted against both the steady-state power den-
sity and the peak temperature. A good linear fit is displayed against
both parameters. A linear relationship between power and tempera-
ture rise is expected when the thermal conductivity does not change
significantly over the given temperature range, so the linear relation-
ship between the input power and the time constants may only be
valid for the temperature range for which the thermal diffusivity is
approximately constant.

The accumulation effects are also visible in Figs. 4(b) and 4(c),
where the temperatures T, and THigh are shown as functions of
pulse width. In Fig. 4(b), at a low duty cycle (a = 5%), the off-
state temperature (Trow ) varies by 11% across the range of explored
pulse widths. In contrast, at higher duty cycles (« = 50%), reducing
the pulse width is shown to increase Trow by 74% due to heat accu-
mulation. During low-frequency operation (longer pulse widths),
the off-state temperature will tend to be less sensitive to the duty
cycle because there is more time for cooling to occur in all duty
cycle cases, and Trow will trend toward its steady-state behavior. For
example, at a 0.01 ms pulse width, reducing the duty cycle from
50% to 5% reduces Tiow by 62%, but the same duty cycle change
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at a 4.5 ms pulse width reduces Trow by 40%. A similar trend is
observed in Fig. 4(c). At low duty cycles (o = 5%), the on-state tem-
perature (Tpig) can be reduced by 54% by reducing the pulse width
from 4.5 to 0.01 ms. The effect is less prominent at higher duty
cycles (a = 50%), where the reduction is only 25% over the same
interval. For a 0.01 ms pulse width, reducing the duty cycle from
50% to 5% reduces Tgy by 47%, but the same duty cycle change
at a 4.5 ms pulse width reduces Tp;g by only 14%. During low-
frequency operation (longer pulse widths), the on-state temperature
(THign) trends toward a pseudo-steady state based on the power
input, but during higher-frequency operation (shorter pulse widths),
the device does not reach a fully heated condition because of the lim-
ited time for heating to occur. At high frequencies, the duty cycle is
an effective tool for controlling T,y and THigh but at lower frequen-
cies, the pulse width effect is much more dominant. This correlates
well with experiments showing higher switching efficiency during
high-frequency operation.**

For the design of systems and application of devices, it is often
beneficial to estimate reasonable operational limits. If the time con-
stant for a device at a particular power is known, it is possible
to calculate the upper limit of the allowable pulse width from the
desired duty cycle, as shown in Eq. (5), where PWux is the upper
limit of the allowable pulse widths. If the pulse width is the preferred
control feature, it can also suggest a limit on the allowable duty
cycle:

T
— = PWhax. (5)
o

In the final analysis, this AlGaN channeled, multi-fingered
HEMT demonstrates heating behavior dominated by the accumula-
tion of heat in the device between individual pulses. The magnitudes
of the temperatures shown in Figs. 2(a) and 2(b) demonstrate behav-
ior suggestive of a dynamic equilibrium state and illustrate the effect
of substrate heat accumulation. Figure 2(c) shows the relatively
long thermal time constants inherent to this device, summarized
in Table I, which supports the claim that there is insufficient time
to reject heat during the device-off duration. The analysis of the
key operating temperatures shown in Fig. 3 indicates a conjectured

T, [°C] .
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FIG. 4. (a) First (dominant) time constant in the two-term exponential fit [Eq. (3)] to the steady-state temperature decay, related to both the steady-state device power density
and temperature, showing a linear relationship between the time constant and both operating parameters. (b) Off-State low temperature for each duty cycle across the
range of pulse widths explored in this study. (c) On-State high temperature for each duty cycle across the range of pulse widths explored in this study. (a) Thign (°C). (b)

Off-state low temperature. (c) On-state low temperature.
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relationship between the steady-state operating temperature and the
averaged operating temperature of the device, which may also be
related to the heat accumulation effect. The primary time constant
in this device is relatively long, as shown in Fig. 4(a), and within
a region of linearity, we can estimate it. This allows for predict-
ing the domain of operating conditions where heat accumulation
poses a risk. It is also possible to draw some reasonable inferences
about the operation of devices of this type from Figs. 4(b) and 4(c),
suggesting operating conditions that may reduce the risk of heat
accumulation.
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