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ABSTRACT This paper reports a temperature-dependent ASM-HEMT for modeling GaN HEMTs at
elevated temperatures. Modifications to the standard ASM-HEMT were developed to accurately capture
the DC and RF measurements collected at varying chuck temperatures. Several results are reported which
validate the model including DC-IV, pulsed-1V, scattering-parameter, and load-pull measurements. The
model is then used to extrapolate the performance of the GaN HEMT to twice the operating temperature at
which the model was validated. This work could be useful for understanding and modeling GaN HEMTs

in high-temperature environment applications.

INDEX TERMS Gallium nitride, high electron mobility transistor, high temperature, ASM-HEMT,

load pull.

I. INTRODUCTION

Design and rigorous analysis of high-temperature electron-
ics is becoming an increasingly important topic. Applications
including hypersonic vehicles and deep oil drilling present
significantly demanding requirements for semiconductor
technologies [1]. Gallium nitride (GaN) high electron mobil-
ity transistors (HEMTSs) are a promising compound semicon-
ductor technology for radio frequency (RF) power amplifier
(PA) and low noise amplifier integrated circuits in extreme
environments [2], [3]. Thorough understanding and accurate
modeling of state-of-the-art GaN HEMTs at elevated temper-
atures is paramount for first pass design success of integrated
circuits.

An important aspect of the high-temperature integrated
circuit design process is the characterization of the GaN
HEMTs at elevated temperatures. There are various charac-
terization studies of the transistors in the literature. In [4],
the large-signal response of a packaged GaN HEMT was
characterized at channel temperatures near 350°C. Tan et al.
reported high-temperature DC performance of AlGaN/GaN

HEMTs on silicon substrates up to 500°C in [5]. A study
of high-temperature DC performance of GaN HEMTs on
silicon and sapphire substrates up to 350°C was reported
in [6]. The DC and large-signal response of InAIN/GaN
HEMTs at elevated temperatures ranging from 600 — 900°C
was reported by Maier et al. in [7], [8].

Small-signal modeling of GaN HEMTs at elevated tem-
peratures has been extensively studied in the literature.
Crupi et al. reported on the temperature influence of GaN
HEMT equivalent circuits up to 80°C in [9]. The small-
signal model parameters of a GaN HEMT were analyzed
over a range of temperatures up to 150°C in [10]. A
high periphery GaN HEMT was modeled up to 200°C
in [11]. Neural networks have also been employed for
temperature-dependent small-signal modeling in [12], [13].

Nonlinear and large-signal compact modeling is an impor-
tant aspect of PA circuit design for high-temperature appli-
cations. Several examples of temperature-dependent large-
signal modeling of GaN transistors exist in the literature.
Lee and Webb reported on a temperature-dependent Curtice
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FIGURE 1. Image of the measured and modeled on-wafer unmatched GaN
HEMT. The dashed lines represent the reference planes established with
the multiline TRL calibration.

model for GaN HEMTs in [14]. A temperature-dependent
modified Angelov model was reported in [15]. Deng et al.
reported a temperature-dependent Curtice and Angelov
model for GaN MOSHFETs in [16] and [17], respectively.
Hassan et al. reported a temperature-dependent Angelov
model extracted from DC measurements up to 600°C in [18].
Other works on nonlinear temperature-dependent modeling
of GaN HEMTs include [19], [20], [21], [22], [23], [24],
[25], [26].

Physics-based models have received considerable interest
for accurate modeling of GaN HEMTs. The ASM-HEMT is
one such physics-based model which has shown promise
in the literature [27], [28], [29], [30], [31], [32], [33].
This model has been employed for numerous applica-
tions including several recent works on statistical non-
linear modeling [34] and deep learning-based nonlin-
ear modeling [35]. The temperature dependence of GaN
HEMTs has also been modeled with the ASM-HEMT.
However, this work was limited to DC measurements and
modeling [20], [22], [36].

This work presents a temperature-dependent ASM-HEMT
validated with on-wafer load-pull measurements collected
versus chuck temperature. Section II provides a detailed
description of the temperature-dependent model extraction
and the modifications required to accurately capture the
measured data. In Section III, the well-calibrated ASM-
HEMT is then used to project the large-signal performance
of the GaN HEMT to twice the operating temperature at
which the model was validated. The paper is concluded in
Section IV.

Il. TEMPERATURE-SCALABLE ASM-HEMT

A temperature-dependent ASM-HEMT was extracted from
measurements of a 140 nm gate length GaN HEMT [30]. The
measured and modeled transistor was a 2x50um GaN HEMT
illustrated in Fig. 1. On-wafer measurements were collected
on a probe station with variable chuck (ambient) temperature.
DC and scattering-parameter (S-parameter) measurements
were collected on a Cascade 12K probe station with an
ERS Electronic GmbH Aircool SP72-T2 chuck tempera-
ture controller. An 8 — 50 GHz vector-receiver load-pull test
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FIGURE 2. On-wafer vector-receiver load-pull measurement system with
temperature controllable chuck. Custom heat shielding was employed to
protect sensitive system components from heat radiation.

bench was employed for model verification versus ambient
temperature. Fig. 2 reports a photo of the on-wafer vector-
receiver load-pull system. The on-wafer RF measurements
were calibrated using the multiline thru-reflect-line (TRL)
algorithm [37]. No trap model was employed in this work.

A. DC MODEL

The DC parameters of the ASM-HEMT were first extracted
from room temperature measurements of the GaN HEMT in
a fashion similar to [30], [31], [32]. The model was verified
by analyzing the DC drain current versus gate voltage and
the calculated transconductance at a drain supply voltage
of Vps = 10V. Next, the DC model was finalized by tun-
ing parameters to fit the room temperature pulsed-1V (PIV)
measurements of the GaN HEMT following the modeling
approach in [38].

Next, the temperature dependence of the ASM-HEMT
was analyzed by comparing the model to on-wafer measure-
ments collected at varying chuck temperatures. The “tnom”
parameter was varied to affect the temperature-dependent
parameters in the ASM-HEMT [36], and was set equal
to a newly defined sweep parameter T,np. Several param-
eters of the temperature-dependent model were adjusted
in an attempt to accurately capture the measured DC-
IV data. However, the standard ASM-HEMT temperature
dependence was found to be insufficient for accurately cap-
turing the temperature-dependent DC measurements. The
ASM-HEMT was modified by prescribing linear functions
to two key parameters in order to fit the measurements.
These parameters were the threshold voltage, voff, and the
sub-threshold slope variation due to drain voltage, cdscd.
The modifications to the standard ASM-HEMT parameters
were

voff = —2.92 + (Tamp — 25) - 1.933 x 1073, (1)
cdsed = 0.051 + (Tamp — 25) - 1.593 x 1073, (2)

Here, the y-intercepts of the linear equations represent the
parameter values extracted at 25°C and the slopes represent
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TABLE 1. Summary of key temperature parameters.

Parameter Corresponding parameter Extracted Value
ute low field mobility (u0) -0.55
ktl threshold voltage (voft) -0.3
knsO 2-DEG charge density at access region 0.24
utes mobility in source access region (uOaccs) 1.67
uted mobility in drain access region (uOaccd) 2.5

the parameter rates of change with respect to the ambient
temperature referenced to 25°C. A summary of the key
ASM-HEMT temperature parameters are reported in Table 1.
The combination of parameters outlined in the table and the
two modified parameters provided a temperature-scalable DC
ASM-HEMT.

Validations of the temperature-scalable ASM-HEMT were
analyzed by comparing model results against DC mea-
surements collected at ambient temperatures ranging from
25°C to 175°C with 50°C steps. The DC drain current
and transconductance at a quiescent drain supply voltage of
Vps =10V were used for these purposes. Fig. 3 illustrates
the measured (solid lines) and simulated (dashed lines) data
at the various ambient temperatures. The DC transconduc-
tance measurements (solid lines) and simulations (dashed
lines) are reported in Fig. 4. Both figures indicate good
agreement between the temperature-scalable ASM-HEMT
and the DC measurements.

The trend in threshold voltage and sub-threshold slope
variation due to drain voltage versus ambient temperature
are most apparent in the DC transconductance measurements
illustrated in Fig. 4. These changes in the device currents
with respect to the ambient temperature are attributed to
the electron Fermi levels accessing higher energy levels
due to increased electron temperatures. The broadening
of the Fermi distributions allow for more buffer leak-
age at higher ambient temperatures. Both the threshold
voltage and sub-threshold slope variation due to drain volt-
age increase as the ambient temperature increases. This
is accurately captured in the model using the combi-
nation of the negative ute parameter value outlined in
Table 1 and the modified ASM-HEMT parameters in
Egs. (1) and (2). The results in Figs. 3 and 4 indicate
bias conditions for which drain current and transconduc-
tance are insensitive to temperature. These zero-temperature
coefficients are also inherent in different field effect transistor
technologies [39], [40].

Following the practice outlined in [30], [38], the ASM-
HEMT simulations were compared to measured PIV data
collected at the four different ambient temperatures. The
PIV measurements were collected using a quiescent bias
of Vps = 10V and Ip = 100 mA/mm. Fig. 5 reports the
measured PIV data (solid lines) and the simulated IV data
(dashed lines) of the GaN HEMT. Although the trend in
measured PIV data versus ambient temperature is captured,
there are several discrepancies in the simulated IV data.
Most notably, the measured knee voltage and on-resistance
are not perfectly captured with the ASM-HEMT simulations.
Average errors of the simulated IV data are 4%, 2.6%, 2%,
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FIGURE 3. Measured (solid lines) and simulated (dashed lines) drain

current versus gate supply voltage of the GaN HEMT at ambient
temperatures ranging from 25°C to 175°C with 50°C steps.
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FIGURE 4. Measured (solid lines) and simulated (dashed lines) DC
transconductance versus gate supply voltage of the GaN HEMT at ambient
temperatures ranging from 25°C to 175°C with 50°C steps.

1500

Increasing T
1250 - I g amb

-
(=4
(=4
o

Ip (MA/mm)

500 -
250 - —— Measured
---- ASM-HEMT
0 | | ] !
0 5 10 15 20

Vbs (V)

FIGURE 5. Measured PIV (solid lines) and simulated IV (dashed lines) of
the GaN HEMT at ambient temperatures ranging from 25°C to 175°C with
50°C steps.

and 3.2% at 25°C, 75°C, 125°C, and 175°C, respectively.
These modest errors were found to be sufficient for the
overall temperature-scalable nonlinear ASM-HEMT.
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FIGURE 6. Circuit topology of the ASM-HEMT connected to an extrinsic
parasitic network.

B. RF MODEL

After extraction and validation of the core DC ASM-HEMT,
the RF model was next investigated. First, the extrinsic par-
asitic network was extracted at room temperature following
the well-known cold field effect transistor (FET) procedure.
This work employs the extrinsic parasitic network outlined
in [41] which is wrapped around the core ASM-HEMT.
The ASM-HEMT with the chosen extrinsic parasitic network
is reported in Fig. 6. The remaining key parameters which
required tuning for good agreement with S-Parameter mea-
surements collected at 25°C were the “cgso”, “cgdo”, and
“cdso” parameters [28], [33]. The ASM-HEMT S-Parameter
simulations were then compared to measurements at increas-
ing ambient temperatures. However, the standard model
extracted from room temperature measurements was again
found to be insufficient for accurately capturing the mea-
sured S-Parameters versus ambient temperature. This work
employed modifications to the three capacitance parameters
to accurately fit the measurements. Furthermore, the extrinsic
gate resistance parasitic parameter was also modified based
on cold FET measurements collected at the increasing ambi-
ent temperatures. The linear functions prescribed to the four
RF parameters were

cgso = [82 — (Tamp — 25) - 0.173] x 10713, (3)
cgdo = [13.6 + (Tamb — 25) - 0.036] x 10713, (4)
cdso = [17.5 + (Tamp — 25) - 0.048] x 10712, (5)

Rg = 3.2+ (Tamp — 25) - 18.6 x 1073. (6)

Similar to the modified DC parameters, the y-intercepts of
the modified RF parameters represent the values extracted
from measurements collected at 25°C. The slopes of the
linear functions were extracted to fit measurements across
the range of ambient temperatures.

Comparisons of the measured S-Parameters and ASM-
HEMT simulations from 0.5 — 40 GHz and across a range
of ambient temperatures were next analyzed. The chuck
temperature of the S-Parameter measurement bench was ele-
vated from 25°C to 175°C in 50°C steps. The S-Parameters
were measured and simulated at the quiescent bias of
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$12. and Sy, of the GaN HEMT at ambient temperatures ranging from 25°C
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FIGURE 8. Measured (solid lines) and simulated (dashed lines) hy; of the
GaN HEMT at ambient temperatures ranging from 25°C to 175°C with 50°C
steps.

Vps = 10V and Ip = 100mA/mm. Fig. 7 illustrates the
measured (solid lines) and ASM-HEMT simulated (dashed
lines) S-Parameters of the GaN HEMT across the range of
ambient temperatures. The measured and ASM-HEMT simu-
lated f1 and maximum small-signal gain, Gpax, are reported
in Fig. 8 and Fig. 9, respectively. Both figures indicate a
good agreement between the S-Parameter measurements and
the equivalent small-signal simulations. A summary of the
ASM-HEMT small-signal simulation errors versus ambient
temperature are reported in Table 2.

Here, the errors of ASM-HEMT simulated S-Parameters
are averaged over frequency at each ambient temperature.
These results exhibit modest errors with a maximum of
11.7% in Sy at 25°C. The results also indicate that the
temperature-scalable ASM-HEMT provides good prediction
of Gpax values computed from S-Parameter measurements
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FIGURE 9. Measured (solid lines) and simulated (dashed lines) Gmax of
the GaN HEMT at ambient temperatures ranging from 25°C to 175°C with
50°C steps.

TABLE 2. Errors of small-signal model simulations.

Tamb °C) S11 %) S12 (%) S21 () S22 (%)
25 3.8 11.7 2.6 9.4
75 2.5 8.0 19 54
125 3.8 79 3.0 4.2
175 5.6 9.2 5.0 4.1

at the various chuck temperatures. This capability could be
useful for future investigations of GaN HEMT performance
in high temperature environments.

Finally, large-signal simulations of the temperature-
scalable ASM-HEMT were compared to temperature-
dependent on-wafer vector-receiver power measurements of
the GaN HEMT. It is noted that the “Rsub” parameter
reported in [28] was used to accurately capture the mea-
sured power added efficiency (PAE) at room temperature.
Furthermore, this parameter was modified with a linear
function,

Rsub = 10000 + (Tamb — 25) - 2821, )

to accurately capture the measured PAE versus chuck
temperature.

Power-sweep measurements of the GaN HEMT were
collected on-wafer using a Ka-band vector-receiver load-
pull test bench. All measurements of the GaN HEMT
were collected at a 30 GHz fundamental frequency and
a quiescent bias of Vpg = 10V and Ip =100 mA/mm.
The load impedance was prescribed for optimal PAE
within the limits of the passive vector-receiver measure-
ment system. Fig. 10 reports a comparison of the measured
(solid lines) and ASM-HEMT simulated (dashed lines with
circle markers) output power versus available input power.
Figs. 11 and 12 report the comparisons between measured
and ASM-HEMT simulated power gain and PAE, respec-
tively. The results in Figs. 10-12 indicate good agreement
between the ASM-HEMT large-signal simulations and the
temperature-dependent power-sweep measurements of the
GaN HEMT. A summary of the ASM-HEMT large-signal
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FIGURE 10. Measured (solid lines) and simulated (dashed lines with circle
markers) output power of the GaN HEMT versus available input power at
ambient temperatures ranging from 25°C to 175°C with 50°C steps.
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FIGURE 11. Measured (solid lines) and simulated (dashed lines with circle
markers) power gain of the GaN HEMT versus available input power at
ambient temperatures ranging from 25°C to 175°C with 50°C steps.
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FIGURE 12. Measured (solid lines) and simulated (dashed lines with circle
markers) PAE of the GaN HEMT versus available input power at ambient
temperatures ranging from 25°C to 175°C with 50°C steps.

simulation errors is reported in Table 3. The errors were
computed as the relative difference in ASM-HEMT sim-
ulations compared to the measurements at peak available
input power. Modest errors in the large-signal ASM-HEMT
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TABLE 3. Errors of large-signal model simulations.

Tamb (O C) Pout (%) GP (%) PAE (%)
25 24 13.9 9.3
75 1.5 9.2 7.2
125 0.6 4.0 5.5
175 0.1 3.8 1.5
Measured ASM-HEMT Measured ASM-HEMT
PAE =36.8% | |PAE=38.0% PAE=312% [ |PAE=31.5%
@0.66,61.6°| |@0.66260.4° @0.66£65.3°| |@0.66,62.8°
Tamb =25.0°C  fo =30.0 GHz Tamb = 75.0°C fo = 30.0 GHz
/ /
Measured | _|ASM-HEMT Measured [_|ASM-HEMT
PAE =25.9 % PAE =24.7% PAE =20.6 % | [PAE=18.9 %
@0.66£66.6°| |@0.66,67.8° @0.66£67.7°| |@0.66£70.2°

Tamb = 125.0°C

fo = 30.0 GHz
/ !

Tamb = 175.0°C fo =30.0 GHz

FIGURE 13. Measured (solid red lines) and ASM-HEMT simulated (dashed
blue lines) PAE contours of the GaN HEMT at 30 GHz, P;, ,ys = 11dBm,
and at 25°C (top left), 75°C (top right), 125°C (bottom left), and 175°C
(bottom right).

simulations are reported, with the highest error observed in
power gain at 25°C. However, the errors decrease as the
ambient temperature increases. This provides confidence in
the temperature-scalable large-signal ASM-HEMT validated
at a single Ka-band frequency.

Finally, load-pull measurements and simulations were ana-
lyzed. The on-wafer vector-receiver load-pull bench was
again employed for these purposes at a 30 GHz funda-
mental frequency. The transistor was biased at Vpg = 10V
and Ip =100 mA/mm. Fig. 13 illustrates the measured and
ASM-HEMT simulated PAE contours. Ambient temperatures
of 25°C, 75°C, 125°C, and 175°C were used for the data
in the top left, top right, bottom left, and bottom right,
respectively. The average absolute error between the load-
pull PAE measurements and the ASM-HEMT simulations
are 1.6%, 0.6%, 0.5%, and 1.1% at the 25°C, 75°C, 125°C,
and 175°C ambient temperatures, respectively. These results
indicate a good agreement between the temperature-scalable
ASM-HEMT and the measured load-pull data. This provides
confidence in the ASM-HEMT’s ability to optimize the tran-
sistor performance in operating conditions beyond where the
GaN HEMT was measured.

1ll. MODEL PROJECTIONS AT 350°C

Depending on the application, GaN HEMTsS can likely oper-
ate at ambient temperatures which are considerably higher
than what can be tested on today’s on-wafer RF mea-
surement systems. This poses considerable challenges for
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FIGURE 14. Simulated power gain (red) and PAE (blue) versus ambient
temperature of the GaN HEMT at 30 GHz and P;;, o, = 15dBm.

RF engineers who must design integrated circuits without
measured data. This work considers extrapolation of the
temperature-dependent ASM-HEMT in order to provide
model projections at ambient temperatures beyond what
can be measured on wafer. To this end, the ASM-HEMT
was extrapolated to 350°C — twice the highest ambient
temperature at which the model was validated.

Simulated large-signal projections were first analyzed
by sweeping the ambient temperature of the ASM-HEMT
from 50°C to 350°C with 50°C steps while maintaining a
fixed load impedance. The resulting power gain and PAE
at 15 dBm available input power versus ambient temper-
ature are illustrated in Fig. 14. This data indicates the
severe degradation of the GaN HEMT’s Ka-band large-signal
performance at elevated ambient temperatures. The GaN
HEMT’s large-signal power gain drops from 6.6 dB at 50°C
operating temperature to —0.9 dB at 350°C operating tem-
perature. Furthermore, the transistor PAE drops from 39.3%
at 50°C operating temperature to 4% at 350°C operating tem-
perature. It is clear from these large-signal simulations that
the 140nm GaN HEMT must be optimized to increase its
Ka-band power performance at the chosen 350°C operating
temperature.

In an attempt to optimize the transistor performance at
350°C, load-pull simulations of the temperature-scalable
ASM-HEMT were next analyzed to provide understanding
of the model’s response to loading conditions at elevated
temperatures. First, load pull of the ASM-HEMT was sim-
ulated at 25°C to set a baseline understanding of the load
impedance space. Then, the ASM-HEMT was load pulled at
the 350°C operating temperature. Fig. 15 compares the sim-
ulated PAE contours at 25°C and 350°C. Here, the dashed
blue lines illustrate the simulated PAE contours at 25°C and
the solid red lines illustrate the simulated PAE contours at
350°C. There is a clear shift in the optimal load impedance
for maximum PAE that can be exploited to increase the
transistor performance at 350°C.

A simulated power sweep of the temperature-scalable
ASM-HEMT at 350°C was next collected at the optimal

VOLUME 11, 2023



MILLER et al.: ASM-HEMT FOR LARGE-SIGNAL MODELING OF GaN HEMTs IN HIGH-TEMPERATURE APPLICATIONS

ELECTRON DEVICES SOCIETY

Tamb = 350°C
PAE =10.4 %
@0.80£86.5°

Tamb = 25°C
PAE =41.8 %
@0.66457.2°

fo =30.0 GHz

FIGURE 15. Simulated PAE contours of the GaN HEMT at 30 GHz,
Pin,avs = 15dBm, and at 25°C (dashed blue lines) and 350°C (solid red
lines) operating temperatures.
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FIGURE 16. Simulated PAE of the GaN HEMT versus available input power
at 30 GHz and using the load impedance determined at 25°C (blue) and
the load impedance optimized at 350°C (red).

load impedance determined from the load-pull simulations
at 350°C. Fig. 16 illustrates the ASM-HEMT power-sweep
simulations using the load impedance determined from the
25°C measurements (blue) and the 350°C optimized load
impedance (red). Here, the peak PAE using the 25°C load
impedance was 4.2% and the peak PAE using the 350°C
load impedance was 11.1%. The temperature-scalable ASM-
HEMT simulations indicate that re-tuning the transistor
based on high-temperature load pull can boost the PAE by
7 percentage points. The temperature-dependent simulations
also provide RF design engineers projected guidelines for
how optimal load impedances may shift in high tempera-
ture environments. In this case, the GaN HEMT’s optimal
load reflection coefficient at a 350°C operating tempera-
ture shifted by 0.14 in magnitude and nearly 30 degrees
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phase compared to the GaN HEMT’s optimal load reflection
coefficient at room temperature.

IV. CONCLUSION

This work reported a temperature-scalable ASM-HEMT for
Ka-band large-signal modeling of GaN HEMTs at elevated
temperatures. The standard model found in commercial
design software was found to be insufficient for accu-
rately capturing the temperature-dependent measurements.
Several modifications to the ASM-HEMT parameters were
reported. The resulting model was extracted and validated
with DC-IV, PIV, and S-Parameter measurements at vari-
ous ambient temperatures. The large-signal performance of
the ASM-HEMT was then validated with on-wafer load-
pull measurements at varying ambient temperatures. Finally,
the model was used to project the performance of the GaN
HEMT at a 350°C operating temperature. It was found that
the GaN HEMT’s large-signal Ka-band performance severely
degraded at this operating temperature, and load-pull sim-
ulations were required to optimize transistor performance.
This work could be useful for future GaN HEMT modeling
and design for high temperature environment applications.
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