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Fast Unveiling of Tmax in GaN HEMT Devices
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Two-Heat Source Model
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Abstract— Gallium nitride (GaN) high-electron-mobility
transistor (HEMT) devices, which have wide application
potential from power amplifiers to satellite, need to be
thoroughly examined in terms of reliability in order to benefit
the superior intrinsic properties of the device. The most
critical parameter in the device reliability is the hotspot,
or Tmax, which occurs somewhere on the subsurface and
along the channel of the GaN HEMT, which is optically
inaccessible due to optical path disability. Therefore, the
Tmax value is underestimated in optical measurements,
such as the thermographic IR and Raman methods. With 3-D
electrothermal simulations, Tmax is obtained close to reality,
but it requires a huge computation load and the complex
modeling of semiconductor device physics. In 2-D or 3-D
thermal simulations that do not use electrothermal simula-
tions, since the self-heating is mostly modeled with a single
heat source, neither the correct Tmax value is obtained nor
the effect of bias conditions is considered. To address the
aforementioned shortcomings, a hybrid method is demon-
strated, which exploits the electrical measurements of GaN
HEMT, which RF and reliability engineers often and easily
do. It is demonstrated that Tmax can be determined quickly
and close to the electrothermal simulations in a GaN HEMT
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device with a two-heat source method and finite element
analysis (FEA) hybrid interaction with respect to various
bias conditions. Moreover, the impact of the knee voltage is
investigated with different knee-detection techniques. The
proposed method provides GaN HEMT reliability engineers
with an easy-to-implement alternative to reveal the hotspot
location and the value.

Index Terms— Finite element analysis (FEA), high-
electron-mobility transistors (HEMTs), thermal analysis.

I. INTRODUCTION

GALLIUM nitride (GaN)-based high-electron-mobility
transistors (HEMTs) have become increasingly attractive

in recent years, both academically and commercially, due
to their appealing advantages in applications such as high-
performance radars, advanced satellite and space systems,
emerging 5G communication, digital and quantum computing
electronics, high-power amplifiers, and monolithic microwave
integrated circuits (MMICs) [1]–[8]. The most salient advan-
tages of GaN HEMTs [9]–[12] are: 1) ability to operate at
high voltages due to the wide bandgap of the III–V material
in the device architecture; 2) due to 2-D electron gas (2DEG)
confinement at the heterointerface, superior electron transport
characteristics (high electron mobility and saturation velocity),
and the resulting high current capability; 3) ability to operate at
high frequencies over 100 GHz; and 4) ability to work at high
powers due to its high-voltage and high-current processing
capability.

Self-heating, which occurs mostly in GaN HEMT devices
operating at high power densities, is an important issue to man-
age, as it affects the device lifetime and reliability. The thermal
power, called Joule or ohmic heating, is inevitably produced by
the interaction of the electric field emerging from the nonzero
operating output voltage and the nonzero current density
passing through the device [13]. Depending on the amplitude
and positional variation of the electric field and current density,
the intensity and spatial variation of the thermal power may
differ throughout the device channel and the nearby locations.
If this excess heat is not removed to the heat sinking (cold)
regions with appropriate thermal management and heat transfer
methods, it will cause very high temperatures (>250 ◦C)
inside the device. Fundamental transport parameters, such as
electron mobility and saturation velocity, which impact the
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electrical performance of the device, are negatively affected
by increasing the channel temperature [14], [15]. As a result,
the device performance deteriorates, and its mean (or median)-
time-to-failure (MTF or MTTF) and reliability decline [12],
[14], [16]–[18]. In order for the MTTF, which is the most
important quantitative indicator of device reliability, to be
calculated correctly with the Arrhenius equation [3], [19], the
highest temperature value called “Tmax” or “hotspot” inside
the device should be determined with the least possible error.
Tmax is located below the device surface, somewhere along
the channel line. The thermographic temperature measure-
ments with IR and micro-Raman methods [20]–[22], which
are widely used in remote temperature measurements, often
underestimate Tmax due to the lack of direct optical path
access to the Tmax point as a result of masking metal barriers
on the device surface. In addition, the spatial resolution of
these measurements at the Tmax locations in submicrometer
dimensions is limited by diffraction [23]. The thermographic
measurements cannot find Tmax alone and require additional
calibrations and correlations supported by the finite element
analysis (FEA) [24].

Depending on the realistic modeling of material parame-
ters, electrical/thermal boundary conditions, thermal boundary
resistances (TBRs), and device geometry, the Tmax value can
also be calculated with a certain accuracy utilizing 2-D/3-D
numerical simulations. These are 3-D electrothermal simula-
tions, and 2-D electrothermal for electrical device simulation
and 2-D/3-D thermal simulations with FEA [12], [25], [26].
The computational burden inherent in these approaches (espe-
cially in 3-D) and the need for very detailed and complex
semiconductor device physics are a challenge for RF and
reliability engineers in unveiling Tmax quickly and realistically.
In some studies that do not make any electrothermal simu-
lations, the dissipated heat distribution is usually taken as a
single uniform heat source (UHS) in locations under or close
to the channel [27]. In this way, 3-D FEA thermal analysis can
be performed relatively quickly, but the results obtained do not
give Tmax exactly. Moreover, the most important disadvantage
of this method is that it does not consider the bias dependency
for self-heating. In other words, it finds the same Tmax with
the same total power consumption but at different current
and voltage values, contrary to the physical nature and the
operating conditions of the device.

In order to improve the aforementioned shortcomings,
a hybrid interaction of electrical measurement and 3-D FEA is
performed in the present article and the heat power distribution
is modeled with a two-heat source (2HS) modeling approach
[28] based on the measured output characteristics of a GaN
HEMT device and considering the bias dependence of the self-
heating. We demonstrate that the proposed method can find
Tmax without the need for the electrothermal simulation but
still with an accuracy close to it.

This article is organized as follows. Section II presents
simulation approaches in technology computer-aided
design (TCAD) and 3-D FEA thermal analysis. Also,
the electrical measurement of the fabricated 2 × 125 μm
GaN HEMT device is introduced in this section. Section III
describes the method of electrical measurement-assisted 2HS

Fig. 1. (a) Photograph of the fabricated 2 × 125 µm GaN HEMT
device with a channel length of 250 nm. [Gate (G), source (S), and
drain (D) pads are labeled.] (b) 3-D finite element model of GaN HEMT
device under study. (Due to the symmetry, a quarter of the device
architecture is shown.) (c) 2-D TCAD electrothermal simulation layout of
the device under study. (d) Output characteristics of the device at Tbase =
300 K using dc measurements (solid lines) and TCAD electrothermal
simulations (dotted lines). The geometries in (b) and (c) are not drawn
to scale.

model. Moreover, the application of the suggested method
as a proof-of-concept is demonstrated and discussed in
this section. The effect of the knee voltage is discussed in
Section IV. Finally, Section V highlights the conclusions of
the study.

II. SIMULATION AND MEASUREMENT APPROACHES

A two-finger 2 × 125 μm GaN HEMT device [Fig. 1(a)]
is fabricated. The 3-D quarter-symmetric architecture of the
device, which we will use in the COMSOL FEA thermal
simulations, is shown in Fig. 1(b). On the other hand, the 2-D
view of the device in Fig. 1(c) is employed for the Silvaco
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Fig. 2. (a) Output characteristics of the device at Tbase = 300 K and
Vg = 0 V using dc measurements (red colored) and TCAD electrothermal
simulations (blue colored). Selected Q-points on the measurements at
Vd = 2, 3, 4.5, 7, and 8 V are marked with green stars. Knee voltage
(VK) is 4.1 V. (b) NUHS HGR profiles obtained at Q-point voltages and
Tbase = 300 K by TCAD electrothermal simulations. (c) 3-D FEA thermal
simulation section showing the placement of 2HSs (HS1 and HS2) in
purple colored zones and their lengths (LHS1 and LHS2).

ATLAS TCAD electrothermal simulations that we implement
to validate our proposed method. The 300 K isothermal at
the bottom of the device and insulating boundary conditions
elsewhere [Fig. 1(c)] is applied in the TCAD simulations.
Temperature-dependent nonlinearity on the channel resistance
and the knee voltage is included in the TCAD simulations
with the electron mobility modeling approach, according to the
work of Farahmand et al. [29]. Further details on the TCAD
simulation conditions and the implementations can be found
in the recent publications [10], [11] of our research group.
The values of most geometric parameters of the device are
presented within the 3-D and 2-D illustrations in Fig. 2(b)
and (c). The thicknesses of the GaN, SiC substrate, and the

TABLE I
SOURCE AND DRAIN DIMENSIONS

underlying Au layer are 2, 98, and 5 μm, respectively. The
dimensions of the metallic layers in the drain and source seen
in Fig. 1(b) are given in Table I. For T-gate, LGateFoot (i.e.,
gate length or Lg) = 250 nm, LGateHead = 500 nm, WG =
125 μm (for gate foot and head), tGateFoot = 75 nm, and
tGateHead = 500 nm.

Although the TBR between GaN and SiC substrate varies
depending on the fabrication conditions and the temperature,
TBR = 3 × 10−8 m2·K·W−1, which is widely used in the
literature [30]–[32], is taken in this study. Symmetric boundary
conditions on the left and front side surfaces, constant tem-
perature (Tbase = 300 K) on the bottom surface, and adiabatic
boundary conditions on all other surfaces are used in 3-D
FEA thermal simulations [25], [33]. In addition, we do not use
radiation and convection heat transfer mechanisms in the FEA
since the heat transfer by radiation and convection is negligible
compared to the conduction [33]. We use passivation (S3N4)
and Alx Ga1−x N (x = 0.28) layers in the electrothermal
simulation layout in Fig. 1(c), but they are omitted in the 3-D
FEA in terms of computational efficiency because their effects
are negligible [33], [34]. Note that all the ohmic and metallic
layers in the upper and lower regions in Fig. 1(b) are Au.
In the FEA simulations, we employ the temperature-dependent
thermal conductivity of the materials given in Table II. The
output dc characteristics of the device at Tbase = 300 K
are measured in a temperature-controlled chamber with a
device analyzer/curve tracker (The Keysight Technologies,
B1505A). In the same dc and temperature conditions, the
output characteristic obtained by electrothermal simulation
of the structure in Fig. 1(c) is in good agreement with the
measurements, as shown in Fig. 1(d).

III. ELECTRICAL MEASUREMENT-ASSISTED 2HS MODEL

We adopt the 2HS model, which was recently developed
by Chen et al. [28] in which the dissipated thermal power
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TABLE II
THERMAL CONDUCTIVITIES UTILIZED IN THE FEA SIMULATIONS

data required for the 2HS model are obtained from the
output I–V plot based on the TCAD simulations. Unlike their
work, we will apply the 2HS model using the measurement
I–V plot to benefit directly and quickly from the electrical
measurements of the device under consideration. Accordingly,
we select five operating quiescent (Q) points indicated by
green stars on the dc measurement graph [Fig. 2(a)] at Tbase =
300 K and Vg = 0 V conditions. For I–V measurement graph
at Vg = 0 V, we take the knee voltage (VK) 4.1 V. In this
case, the selected Q-points of 1 and 2 (Vd = 2 and 3 V) take
place in the linear regime and 3–5 (Vd = 4.5, 7, and 8 V)
are in the saturation regime. According to the 2HS model, the
details of which were explained in the previous study [28],
we distribute the total dissipated power (P = Vd × I d) of
the device to the 2HS regions (HS1 and HS2) as P1 and
P2 such that P = P1 + P2. When the device is in the
linear regime at Vd ≤ VK, all the power is converted to
heat in the HS1 region (P1 = Vd × I d), while no heat is
consumed in the HS2 region (P2 = 0). When the device is
in the saturation regime at Vd > VK, P1 = VK × I d, and
P2 = (Vd − VK)×I d. These heat sources are applied to the
purple areas on the GaN layer as the surface heat generation
rate (HGR) with a width of W = 125 μm and lengths of
LHS1 and LHS2, as shown in the 3-D FEA section in Fig. 2(c).
Here, LHS1 = 2 μm + Lgd + Lg + Lgs + 2 μm where heat
loss up to 2 μm transfer lengths is taken under drain and
source ohmic metallizations. As in the previous work [28],
we opt for LHS2 = 160 nm to represent the length of the
high electric field region and centered around the gate edge
on the drain side, assuming that this is independent of the
device geometry. On the other hand, we calculate the non-
UHS (NUHS) distribution at the corresponding Q-points in
the TCAD I–V plot in Fig. 2(a), which we calibrated by the
measurement. Then, we perform FEA by applying the NUHSs
in Fig. 2(b) along LHS1 in Fig. 2(c) as HGRs to validate the
proposed 2HS method. The HGR profiles under NUHS in
Fig. 2(b) also illustrate quite well the two main heat generation
mechanisms that we model in the 2HS approach above. The
first type is related to the drain and source access regions. This
type is similar to HS1 in the 2HS and valid in the linear regime
under low electric field cases. The second type is related to
gate edge on the drain-side region. This type is similar to HS2

Fig. 3. (a) Temperature profiles along the channel at Q-points obtained
by NUHS, 2HS, and UHS methods, indicated by dotted, dashed, and
solid lines, respectively. (b) Zooming in the temperature profile of (a) at
x = 10–20 µm. In all the methods here, Tbase = 300 K and Vg = 0 V.
In 2HS, VK = 4.1 V and LHS2 = 0.16 µm.

in the 2HS and valid in the saturation regime under the higher
electric field cases.

In addition to representing heat with 2HS and NUHS,
we also implement UHS modeling in the FEA, which is often
preferred because of its simplicity in thermal analysis. In the
FEA with UHS approach, the constant powers obtained at the
measurement Q-points (1.5, 2.7, 4.4, 7, and 8 W/mm) are
applied just under the gate foot electrode as fixed HGRs with
a length of Lg = 250 nm. Therefore, the temperature profiles
along the channel at Tbase = 300 K and Vg = 0 V are obtained
with different heat modeling approaches. They are shown in
Fig. 3 comparatively. It is clearly seen that the Tmax values
in the UHS method are not only overestimated compared to
the other two methods, but their positions are slightly shifted
toward the positive x-direction. On the other hand, with the
proposed 2HS method, it is seen that the temperature profiles
at different points are quite compatible with the electrothermal
simulation results in terms of both Tmax values and locations.
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Fig. 4. (a) Output characteristics of the device at Tbase = 300 K using dc
measurements. The constant powers of the Q-points at Vg = 0 V (1.5,
2.7, 4.4, 7, and 8 W/mm) are mapped to the output plots at the other Vg’s
and shown with black stars and dotted lines. (b) Knee voltage (VK) graph
calculated according to three different methods at varying gate voltages
(Vg). The inset presents the corresponding numerical values in tabular
form.

IV. EFFECT OF KNEE VOLTAGE

To show that our method also works at the gate voltages
other than Vg = 0 V, we map the constant power points to other
Vg curves as in Fig. 4(a) in a manner that maintains constant
powers that are marked as black stars. Since the heat allocation
to the two zones in the 2HS method is made according to
VK, it is important to determine VK correctly from the output
I–V graph. We utilize three different techniques to find VK.
These are “95% Idmax,” “second derivative,” and “tangent
lines.” As the name suggests, the first technique considers the
drain voltage as knee voltage, corresponding to 95% of the
maximum drain current at a fixed gate bias. If the measured
output I–V at any Vg has a nonmonotonic characteristic such
that it reaches the peak value of Id (i.e., Idmax) within the
measurement interval of Vd and then decreases with increasing

Vd, then the knee voltages found by this technique are close
to reality (e.g., Vg = −1, 0, and 1 V cases in Fig. 4).
Otherwise, in a monotonically increasing I–V graph with Vd,
the real peak current cannot be reached in the measurement
range, so the knee voltages obtained with this technique may
not be realistic (e.g., Vg = −3 and −2 V cases in Fig. 4).
In the “second derivative” method, a special function G =
(∂/∂Vd)(∂ Id/∂Vd)

−1 is computed from the measured output
I–V data at a fixed Vg, and VK is extracted from the peak
observed points in the G versus Vd plot [37], [38]. In the
“tangent lines” technique, the knee voltage is found from
the intersection point of the two tangent curves drawn to the
measured I–V graph at the minimum and maximum drain
voltages within the measurement range. Fig. 4(b) shows the
knee voltages resulting from applying these techniques on
the I–V graphs from Vg = −3 to 1 V. We repeat the 2HS
method at the selected fixed power Q-points with different
knee voltages found in the Vg = −3, −2, −1, 0, and 1 V
curves at Tbase = 300 K. Next, we compare the 2HS results
with the channel temperature profiles found by the NUHS
method in a manner similar to Fig. 3. In general, depending
on the correct determination of the knee voltage, it is observed
that the 2HS method can uncover the channel temperature
profile and Tmax close to the electrothermal simulation values
at different bias conditions.

V. CONCLUSION

We have demonstrated that Tmax can be determined quickly
and close to the electrothermal simulations in a GaN HEMT
device with a 2HS method and FEA hybrid interaction,
supported by electrical output measurements of the device
under various bias conditions. In addition, the dependence
of the method on the knee voltage and its accurate deter-
mination has also been thoroughly investigated with different
knee-detection techniques. The suggested method provides an
easy-to-implement alternative to reveal the hotspot location
and value, which is essential for GaN HEMT reliability
engineering.
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