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The evaluation of thermal resistance constitution for packaged AlGaN/GaN high electron mobility transistor

(HEMT) by structure function method is proposed in this paper. The evaluation is based on the transient heating

measurement of the AlGaN/GaN HEMT by pulsed electrical temperature sensitive parameter method. The extracted

chip-level and package-level thermal resistances of the packaged multi-finger AlGaN/GaN HEMT with 400-µm SiC

substrate are 22.5 K/W and 7.2 K/W respectively, which provides a non-invasive method to evaluate the chip-level

thermal resistance of packaged AlGaN/GaN HEMTs. It is also experimentally proved that the extraction of the chip-

level thermal resistance by this proposed method is not influenced by package form of the tested device and temperature

boundary condition of measurement stage.
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1. Introduction

Attracting wide research interests over the past
decade,[1−3] AlGaN/GaN based high electron mobil-
ity transistors (HEMTs) present unparalleled power
and microwave performance at high drain-source volt-
age bias, such as continuous-wave power density
41.4 W/mm (on SiC substrate)[4] and 5.1 W/mm at
18 GHz (on Si substrate).[5] Consequently, special at-
tention should be paid to the thermal management
when devices and circuits are designed and modeled.[6]

High channel temperature rise induced by the ther-
mal dissipation of input power will lead to current
collapse at high drain-source voltage, known as the
self-heating effect, which significantly affects the de-
vice performance and long term reliability.[7] There-
fore, accurate evaluation of the channel temperature
and channel-to-case thermal resistance constitution is
a prior task for designer of AlGaN/GaN HEMTs.

The main challenge of the channel temperature
measurement for AlGaN/GaN HEMTs is the ultra-
small area of channel region (usually less than 3 µm
of the gate-drain gap), which makes the infrared im-
age method out of the candidates.[8] One of the well-

recognized solutions is the micro-Raman spectroscopy
reported by Kuball et al.,[9] which achieves a tem-
perature resolution of 10 ◦C and space resolution of
1 µm. Electrical temperature sensitive parameter
(TSP) method is another popular choice. Menozzi
et al.[10] overviewed the method of channel temper-
ature prediction by DC I–V curves, which is very
simple and non-invasive. However, the drawback of
the micro-Raman method is the crucial demand of
wave-number resolution of Raman spectroscopy and
nanometer-level of stage controlling fixture. The dis-
advantage of the DC I–V method is the need of relying
on dramatic assumption, such as the assumption that
the thermal resistance is independent of temperature
and dissipated power, which will induce intrinsic mea-
surement error due to the existence of the temperature
non-linearity of thermal conductivity and other tem-
perature sensitive parameters. Furthermore, both of
the methods cannot provide thermal resistance con-
stitution analysis. In order to evaluate the chip level
thermal resistance, the chip is always demanded to be
directly mounted to an infinite heat sink to eliminate
the package-level thermal resistance, which seriously
restricts the usage of these methods.
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The structure function method based on the tran-
sient heating response measurement has been proved
to be suitable for evaluating the thermal resistance
constitution on the heat flow path, which was first
proposed by Szekly[11] and has been successfully ap-
plied to thermal analysis of ICs[12,13] and LEDs.[14,15]

However, because HEMTs are normally operated at
negative gate-source voltage, which is not compati-
ble with commercial thermal resistance tester need-
ing positive TSP, such as T3ster[16] etc., the transient
heating response curve measurement of AlGaN/GaN
HEMT and related thermal resistance constitution
evaluation has not been published, to the best of our
knowledge. In the present paper, for the first time,
we present the thermal resistance constitution evalu-
ation of packaged AlGaN/GaN HEMTs by structure
function method, which is based on the measurement
of transient heating response curve by pulsed-switch
electrical TSP method. By this method, the chip-level
thermal resistance can be extracted from the channel-
to-case thermal resistance and be analysed without
the influence on package form and temperature bound-
ary conditions of measurement stage.

2. Theoretical background

The structure function evaluation is based on the
measurement of transient heating response curve of
a specific heat flow system excited by a power step-
excitation. The detailed algorithm can be found in
Ref. [17] proposed by Szekly. Herein the procedure
will be briefly outlined. Figure 1 shows a typical flow-
chart of the structure function evaluation for a heat
flow system with three main thermal resistance com-
ponents.

Fig. 1. Flow-chart of a typical structure function eval-

uation for a heat flow system with three main thermal

resistance components.

The heat flow system consists of a series of com-
ponents with different materials and geometrical sizes,
such as chip, solder joint, package body for semicon-
ductor devices. When an excitation power is applied
to the active region of the device, the temperature rise
of the active region with respect to the power apply-
ing time, so-called transient heating response curve
(heating curve), can be considered as the response of
a Foster thermal resistance and capacitance (RC) net-
work model as shown in Fig. 1. The response can be
characterized as follows:

a(t) = P ×
n∑

i=1

Ri(1− e−t/τi), (1)

where a(t) is the heating curve, P is the excitation
power, Ri is the thermal resistance of the i-th stage of
the Foster RC network, τi = Ri × Ci is the time con-
stant of the i-th stage, t is the power applying time.
Then, the values of Ri and Ci can be extracted from
the time-constant spectrum by numerical deconvolu-
tion of the heating curve.[18] Because the node-to-node
thermal capacitance in Foster network does not have
obvious physical meaning, it is necessary to trans-
form the Foster network to Cauer network as shown
in Fig. 1, which has node-to-ground thermal capaci-
tance to characterize the real heat flow structure. The
transformation can be achieved by the impedance con-
servation method in the network synthesis theory.[19]

With this network, the sum of thermal capacitance
(CΣ) with respect to the sum of thermal resistance
(RΣ), so-called cumulative structure function curve,
can be drawn. By differentiating CΣ with respect to
RΣ, the differential structure function curve can also
be plotted. dCΣ/dRΣ is named as K, and it could be
expressed as

K(RΣ) = dCΣ/dRΣ =
cAdx

dx/λA
= cλA2, (2)

where c is the volumetric heat capacitance, λ is the
thermal conductivity, and A is the cross-sectional area
of the heat flow. For a specific layer in the heat flow
path, the values of c and λ are both constant and
A value increases in the heat conduction process be-
cause of the heat spreading effect. Therefore, the local
peaks observed in the differential structure function
indicate the reaching of new surface/material in the
heat flow path as the result of abrupt variations of c

and λ, and the thermal resistance of this partial com-
ponent can be read from the distance on the horizontal
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axis as shown in Fig. 1. Therefore, the thermal resis-
tance constitution of AlGaN/GaN HEMTs can also
be obtained by structure function evaluation with the
measurement of the heating response curve. In the
next section, we will describe the experiment appara-
tus and measurement process of the transient heating
response curve of AlGaN/GaN HEMT.

3. Experimental apparatus and

method

The AlGaN/GaN HEMT consisting of 25-nm
un-intentional doped AlGaN on 1.5-µm GaN buffer

layer on a 400-µm thick 4H–SiC substrate, with

Ti/Al/Ni/Au drain, source Ohmic contacts and

Ni/Au Schottky contact are investigated in this pa-

per. The device is composed of 10 fingers each with a

gate length of 0.35 µm, gate width of 100 µm, source-

drain gap of 4.5 µm and gate-source gap of 1.5 µm.

The gate and source contacts are formed by the air-

bridge structure. Devices are passivated by a SiN layer

of 100 nm. The device structure of the AlGaN/GaN

HEMT and the micrograph of the chip are shown in

Fig. 2. The chip is soldered on a cupric case with

dimensions of 3 mm× 10 mm× 1 mm.

Fig. 2. Schematic (a) and micro-image (b) of the tested AlGaN/GaN HEMTs.

The forward voltage of the gate-source Schottky junction (VGSf) is selected to be the TSP in this work.
Figure 3(a) shows the temperature dependence of VGSf , so-called calibration curve, tested in a DESPATCH
temperature oven with a temperature accuracy of ±1 ◦C. The drain terminal of the device under test (DUT) is
left open and forward testing currents are chosen to be 0.5, 1.0, 1.5 and 2.0 mA respectively, which are low enough
to avoid the self-heating effect, and then the VGSf is recorded at different oven temperatures varying from 30 ◦C
to 90 ◦C. The calibration curves present good linearity in the tested temperature range and the temperature
coefficients (α) are –1.95, –1.80, –1.72, and –1.65 mV/K derived respectively from slopes of the calibration
curves in Fig. 3(a). After the calibration of the temperature coefficient of VGSf , the channel temperature can
be obtained by pulsed switching technique. Noting that gate-source voltage (VGS) is negatively biased and the
drain-source voltage (VDS) is applied in the operation state, while the TSP is valid in the forward biased state,
it is necessary to turn off VDS firstly, then to forward bias the gate-source Schottky junction and to sample the
shifting of TSP. The sequence diagram is shown in Fig. 3(b), where th is the heating time, tc is the cooling time,
and td is the delay time of the transition. The testing accuracy is seriously affected by the delay time and td of
about 1 µs is achieved in our measurement.

The DUT is set on a constant temperature plate (40 ◦C in this experiment). A 2-mA test current is chosen
and α is –1.65 mV/K. IDS is set to about 100 mA and VDS is 10 V. The first effective point of ∆VGSf is sampled
in 1 µs, then 50 points of VGSf(t) are recorded at 1-MHz sampling rate. The cooling curve is obtained by the
measured shifting of VGSf and the temperature coefficient as shown in Fig. 4(a). The tested cooling curve is
fitted exponentially and the channel temperature rise at specific th (a(th)) is obtained by regress calculation.
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Fig. 3. (a) Calibration curve of the forward gate-source voltage, and (b) sequence diagram of the testing system.

Fig. 4. (a) Cooling curve of the channel temperature rise, and (b) tested transient heating response curve at 10 V

of VDS and 100 mA of IDS.

The transient heating response curves of Al-
GaN/GaN HEMTs can be recorded by maintaining
the same initial temperature condition and multi-time
heating operation with the increasing step of heating
time in natural logarithm axis. There exists a trade-
off between the accuracy and the testing time based
on the selection of time step resolution. We find that
a time resolution of about 0.2 on the logarithm time
axis is an acceptable optimization. The tested heating
curve of channel temperature rise is shown in Fig. 4(b)
in the biased condition of 100 mA of IDS and 10 V
of VDS. Hereby, with the measured heating curve,
the corresponding structure function evaluation can
be performed and will be presented in the next sec-
tion.

4. Results and discussion

According to the procedure introduced in Section
1, the cumulative structure function curve can be ob-
tained by plotting the cumulative thermal capacitance

of the Cauer network with respect to the correspond-
ing cumulative thermal resistance. More intuitive re-
sult of the thermal resistance constitution can be ob-
served in the differential structure function curve by
the differentiation of the cumulative structure func-
tion curve. The cumulative structure function and
the differential structure function calculated based on
Fig. 4(b) are shown in Fig. 5.

Fig. 5. Cumulative structure function and differential

structure function, with IDS being 100 mA, VDS 10 V, and

the temperature of constant temperature stage 40 ◦C.
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The first strong and clear peak occurs at about
22.5 K/W of thermal resistance in the differential
curve. According to the heat flow path of the tested
sample, this peak should represent the thermal re-
sistance of the first component in the channel-to-
case thermal resistance, the chip-level thermal resis-
tance. The thermal capacitance in the cumulative
curve presents an abrupt increase at 22.5 K/W of ther-
mal resistance, and then increases smoothly until the
steady-state thermal resistance of 29.7 K/W, which in-
dicates that the 7.2 K/W of thermal resistance, from
22.5 K/W to 29.7 K/W, is induced from the package
body, because of the relatively large thermal capac-
itance of the cupric case. In order to confirm this
conclusion, we have also measured the heating curves
of the tested sample in air convection condition and
in the condition with a cupric sheet between the case
and the constant temperature stage separately. Both
of the measurements intent to modify the package-
level thermal resistance and have no influence on the
chip-level thermal resistance. The biased condition is
100 mA of IDS and 10 V of VDS too, and the cor-
responding differential structure function curves are
shown in Fig. 6.

Fig. 6. Differential structure function of the tested device;

the curve with square symbols represents the measurement

at constant case temperature; the curve with triangle sym-

bols represents the measurement with a cupric sheet be-

tween the case and the constant temperature stage; the

curve with the circle symbols represents the measurement

in boundary condition of air convection.

It is observed that the first peaks in Fig. 6 keep
constant, while the steady-state thermal resistance
in air convection condition (channel-to-atmospheric

thermal resistance) reaches 44 K/W, which is be-
cause the case temperature keeps rising without the
constant temperature stage until the thermal equilib-
rium with the air temperature is built. The curve
with cupric sheet deviates from that with constant
case temperature at about 28 K/W of thermal resis-
tance, and the corresponding steady-state thermal re-
sistance reaches 31.5 K/W. The separation between
the two curves is the induced thermal resistance by
the cupric sheet. The experimental results are consis-
tent with those from the transient heating conduction
theory. It is also verified that the first peak does repre-
sent the chip-level thermal resistance and is not influ-
enced by the package form and temperature boundary
condition in the process of structure function evalua-
tion. Therefore, the chip-level thermal resistance is
extracted from the channel-to-case thermal resistance
by the transient heating measurement and structure
function evaluation, which provides an accurate and
convenient solution for the thermal management and
optimization of AlGaN/GaN HEMTs.

5. Conclusion

The thermal resistance constitution evaluation of
packaged AlGaN/GaN HEMTs is proposed by struc-
ture function method for the first time. The evalua-
tion is based on the transient heating response curve
measurement of the DUT by pulsed electrical method
with selecting the forward gate-source Schottky volt-
age as TSP. The 22.5 K/W of chip-level thermal re-
sistance of the tested packaged AlGaN/GaN HEMT
sample is extracted from the 29.7 K/W of the channel-
to-case thermal resistance, which provides a conve-
nient method to evaluate the chip-level thermal char-
acterization of packaged AlGaN/GaN HEMTs with-
out strict requirement of constant temperature condi-
tion.
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