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Abstract—In this article, an AC conductance method has been
successfully employed™to extract the thermal resistance of
GaN-based HEMTs on silicon. The resulting thermal resistances,
when varying the channel length and gate width, are comparable
to those obtainedwith pulsed measurements, by making use of
positive drain<to-source pulsed (voltagesfrom a zero power
dissipation .quiescent bias point, and 3-D thermal simulations.
Furthermore, the gate geometry dependence of the thermal
resistance of GaN-based HEMTs has beensuccessfully. modeled
for circuit-design purposes.
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I. INTRODUCTION

T hermal effects can be critical i, the performance of
radio frequency and high-power integrated |circuit
applications [1]-[4]. When silicon-on-insulator / (S@I)
technology is used, the buried oxide layer (BOX)significantly.
prevents heat transfer toward the substrate [5]. With advanced
semiconductor materials, such as GaN-based compound
semiconductors, a significant heat generation in the channel of
high-power devices can be present [6] that can even vary their
asymmetric access resistances [7], [8]. In any case,
characterization and modeling of the thermal resistance of
transistors are essential for a proper circuit and package
design.

For SOI metal-oxide-semiconductor field-effect transistors
(MOSFETs), several precise techniques have been developed
to measure the thermal resistance, which are mainly based on

the AC conductance method [9]-[11] and pulsed
characteristics [12], [13]. Similarly, for GaN-based
high-electron  mobility  transistors (HEMTs) pulsed

characteristics [14], [15] have successfully been used to
extract the thermal resistance, in addition to techniques such
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as step response [16], IR and Raman thermographs [17], or by
extraction of a traps activation energy [18]. The IR
thermograph is inaccurate when measuring devices with
micron or sub-micron scale feature sizes. The Raman
thermograph is limited to measuring device areas where
optical access is not blocked by metal contacts. A combination
of these techniques (e.g. step response via micro-Raman
thermometry), has also been employed [19]. Particular
temperature-sensitive electrical parameters (TSEP), such as
the forward voltage drop between gate and source [20], the
channel on-resistance [20], [21], and the gate metal resistance
[22], [23], have also been used to extract the thermal
resistance of HEMTs (the thermal impedance in the case of
measuring the gate resistance variation in the frequency/time
domain [24]). However, their use is limited by the appearance
of/ trapping effects (due to negatively pulsed drain current)
[21]and the necessity of ad hoc designed thermal test
structures [22]-[24]. Devices with a junction-gate structure
are needed in/case of [20].

On the other hand, the AC conductance method can be
implemented by making. use of a vector network analyzer and
some proper bias tees for the frequency range under use.
These elements are‘commonly available in any standard radio
frequency testing laboratory,<due to their simplicity and
reduced cost compared to those others required in the setups
of‘the rest of the methods.

The thermaldresistance of'a test structure implemented as a
GaN resistor wasextracted in [25] by ' making use of the AC
conductance gmethod;) through S parameters measurement.
However, to|the authors” best knowledge, thisdtechnique has
not been used to extractithe thermal resistance, of GaN-based
HEMTs, which is the imainsobjective of thiswpaper. For
validation, the thermal resistances so derived are compared
with those obtained withspulsed measurements and‘numerical
simulations, varying the gate’ width and gate length, of
HEMTs.

The resulting dependence of the thermal resistance on gate
geometry has also been modeled for circuit-design purposes.
Some models for GaN-based HEMTs are based on
sophisticated analytical closed-form expressions [26], [27].
However, in this case, the composition of the internal layers
needs to be known, which is not common for end CAD users.
Alternatively, models originally used for the dependence of
the thermal resistance in SOI MOSFETs on gate geometry
[28] can be adopted to model the dependence of the thermal
resistance in GaN-based HEMTs, as in [29].
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Fig. 1. Top and cross-sectional views of theddevice structure under study
(drawings not to scale).

Thus, the GaN-based HEMTs on silicon under
consideration here, with different gate widths‘and gate lengths,
are described in Section AI.,The AC conductancesand pulsed
experimental setups.used “for the thermal, resistance
characterization are! detailed in<Section III. Section IVi.is
devoted to the thermal, resistance characterization, through
measurements and numerical ) simulations, results and
modeling. Finally, the conclusions are discussed in Section V.

II. FABRICATED DEVICES

The AlGaN/GaN layer stack of the, HEMTs.investigated
here (provided by CEA-Leti) consisted of Ga(AI)N epitaxial
layers grown on a Si substrate of thickness 1 mm/in the
(1-1-1) direction [30], with a non-intentionally,doped «GaN
channel and Alp22Gag7sN barrier that were 200 and(23, nm
thick, respectively. The depletion-mode transistors were based
on a partial Alp2,Gao7sN etching, with a gate recess of 8 nm,
to give a negative threshold voltage of Vi, = —4 V, using a
TiN/W (double finger) gate metal and Al,O; gate oxide of
thickness 30 nm.

A reference device with a gate length, L, of 2 pm and a gate
width, W, of 100 pm (2 x 50 pm) was characterized. Devices
with other gate lengths of 3 and 4 pm and total widths of 40
and 200 pm were also measured. In all cases, the
gate-to-source separation, dgs, and gate-to-drain extension,
dap, were 2 and 15 pum, respectively. Top and cross-sectional
views of the device structure under study are shown in Fig. 1,
where the main dimensions are labeled.

III. EXPERIMENTAL SETUP

On-wafer measurements were performed with a Cascade
Summit 9000 probe station. The AC measurement setup is
described in Fig. 2(a). The S parameters were measured at
room temperature (7 = 25 °C) from 100 kHz to 10 MHz with
an Agilent N9913A vector network analyzer and Cascade
signal-signal-ground microprobes. An Agilent BI1500A
semiconductor analyzer was used to bias the device under test,
with DC gate and drain voltages of V; =0 Vand V4=5V,
respectively, to enhance the self-heating effects (SHEs) [29].

In order to -calibrate the measurement system, the
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Fig. 2. (a) Schematic of an AC measurement system for the device under test
and (b) experimental setup for the pulsed measurementsystem.

short-open-load-through method | was implemented. In
addition, the pad-to-device parasitic clementswere eliminated
with the cold-FET _extraction techniqué that has been
successfully employed intAlGaN/GaN HEMTs [7]. Eor that
purpose, the RF access structure with an admittance matrix,
Yeold, obtained with the device in'pinch-off (V; =56 V'< Vin)
and Vg = 0 V, must be de-embedded from the méasuredny¥
admittance matrix of the device at the bias point of the AC
measurement setup. Then, the AC output conductance, gqd,
results the real part of Yaa — 2Yeolq,ad + Yeold,gg — Yeold,gd [31].

The DC parameters were measured with the Agilent
B1500A semiconductor analyzer. To obtain the temperature
dependence of the drain current, the transistors were placed on
a hotplate. The substrate temperature was changed from 25 to
150 °C in increments of 25 °C.

In order to validate the AC conductance technique for the
measurement of thermal resistance of GaN-based HEMTs, the
thermal resistance was also obtained with the pulsed method



shown in Fig. 2(b). In this case, the drain current (TSEP), was
determined based on Ohm’s law, with the drain terminal being
pulsed through a 50-Q sensing resistor. The voltage drop was
measured with the Agilent DSO6032A oscilloscope
(AVq = Vpp,— Vy in Fig. 2(b)). By making use of the Agilent
B1500A semiconductor analyzer for biasing, pulsed output
characteristics _were measured by varying the substrate
temperature,for Ve.= 0 V. The devices were excited with
positive short-pulsed drain voltages of 200 ns duration, from a
zero power dissipationsquiescent bias point (Vg = 0 V), with a
duty cycle of 0.02%, to avoid SHEs [15]. Thus, even with the
existence of trapping phenomena, for a given drain voltage the
difference between DErand pulseddrain currents was only due
to SHEs. This can be attributed to the fast response of trapping
phenomena, when they existed, inftheyorder of dozens of
nanoseconds [16].

IV. THERMAL RESISTANCE CHARACTERIZATION AND
MODELING

A. Characterization

According to the ?JAC conductance technique [10]s the
output conductance frequencyresponse.is evaluated as:

ol
gdd (f) ~ gddT + Re(Zth) ﬁ ) (Vd gddT+]d) (1)

where Re(Zn) represents the real “part of _the, thermal
impedance of the device, Zn; gaar is the output'conductance at
high frequency (with dynamic self-heating removed); and 4 is
the DC drain current. Then, assuming a first-order thermal
network for the thermal impedance of HEMTS, «that, is,
1/Zw = 1/Rpy + joCn, where Ry and Cy, are the thermal
resistance and thermal capacitance of the device, respectively,
the output conductance frequency response is given by:

Ry, 0ly

— (" gddT+1d) (2)

~ R SE—
Baa = 8aar TRz 2 oT

Thus, in the DC regime (@ = 2nf = 0), the following
expression for the thermal resistance is derived:

8ddo — Euaar
ol
T (VdgddT+Id)

Rth: (3)

where 8ddo = gdd(a) = 0) =
conductance.

These parameters were obtained for all devices at the bias
considered (¥ =0 V and V4 =5 V) in the AC experimental
setup. The values of gudso and Is were extracted from output
characteristics at room temperature (shown with a solid line in
Fig. 3 for the reference device). The output characteristics at
different temperatures (shown with lines in Fig. 3 for the
reference device) were used to determine the slope of the
14(Tsuw) curve at the bias considered, from the resulting linear
temperature dependence of the drain current (see the inset in
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Fig. 3. Measured DC output characteristics (lines) at different substrate
temperatures for the reference device and V; = 0 V, and corresponding pulsed
measurements at 50 °C (squares). Inset: resulting linear temperature
dependence of the DC drain current for V3=35 V.
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Fig. 4. Conductance,frequency response at room temperature for GaN HEMTs
with different gate lengths of 2, 3, and.4 um for V=10,V and V3=5 V.
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Fig. 3).

Finally, the conductance without dynamic self-heating was
extracted from the’conductance frequency sesponse (from the
S parameters [10]),.&da(f);vat 100m temperature (solid lines in
Fig. 4 for different gate lengths). Note that the conductance
plateaus (i.e. when gaq ~'gqar, with dashed lines) above 2 MHz
for all gate lengths. A similar‘behavior has been found when
varying the gate width (not shown). The measured thermal
resistance of the reference device was 137 °C/W with the AC
conductance technique.

In the case of the pulsed technique, output characteristics
for the reference device at 50 °C and V; = 0 V are shown in
Fig. 3 with square symbols. It should be noted that the same
DC current, Iy = 33.74 mA, is obtained at room temperature
for V4 = 4.81 V, which is indicated in the figure with a cross
symbol. From this point, the thermal resistance results
Rin = ATqw/P =~ 154 °C/W, where ATy, = 50 — 25 =25 °C is
the difference between the corresponding substrate
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Fig. 5. Simulated temperaturé profile for the reference device and
corresponding cross-sectional ‘view through<the gate, together with the
temperature distribution at the barrier/channel heterojunction. Q =2 W/mm.

temperatures for pulsed and DC measurements, and
P =1V4~162mWais the power dissipation.

A variable agreement forithe thermaldresistancé with both
AC conductance and pulsed techniques was obsetved for the
rest of the devices, as,explained.dn,Subsection\]V-B'in detail.
On average, only a 13% ighervalue for ‘the thermal
resistance with the pulsed technique is derived. Similar results
were also obtained for GaN-based HEMTs on silicon ‘in, [17],
[26], [27].

In addition, it must be pointed /out that measurement
techniques based on electrical characterization_average the
temperature in the active channel area. Thus, the thermal
resistance of HEMTs extracted with both AC conductance and
pulsed techniques predicts a device temperature lower than the
peak value (located at the border of the gate by the drain side),
but this is necessary for compact modeling, where average
temperatures are considered.

In order to validate the gate geometry dependence of the
thermal resistance that was observed with the measurement
techniques, 3-D thermal simulations that included the
temperature dependent thermal conductivities of the involved
materials were performed with Sentaurus Device [32]. Due to
the symmetry of the device, only half of it was simulated.

As in [29], where 2-D electro-thermal simulations were
performed for the transistors when varying the gate-to-drain
extension, Dirichlet boundary conditions for the lattice
temperature (25 °C) and proper surface thermal resistances
(0.009 °C-cm? W) were used at all terminals. Furthermore, the
substrate was replaced by an additional equivalent surface
thermal resistance (0.006 °C-cm?*W). All other boundaries
were assumed to be adiabatic and, for simplicity, field-plates
were not considered [23].

According to [33], for transistors without field plates, or
with field plates but operated at low source-drain voltages,
self-heating was simulated considering a heat flux boundary
condition in the channel. It consists of a 0.4 um-long surface
area of heat source at the barrier/channel heterojunction,
adjacent to the drain edge of the gate contact, where a uniform
power dissipation density, O, of 2 W/mm was assumed.

Consistent with the fact that our measurement techniques
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Fig. 6..Thermal resistance with (a) gate width for L = 2 um and (b) channel
length for /¥ = 100 um. AC/Pulsed measured data are shown with closed/open
squares. Simulated and modeled «data are shown by crosses and lines,
respéctively. The inset in (a)ranalogously shows the dependence of the
normalizedthermal resistance as a function of the gate width.

average the temperature in the channel area, the device
temperature increment, A7, was calculated from the average
temperature in the ‘channebregion (60mmeregion inidepth just
under the gate area), as in [15]. Thus, thessimulated thermal
resistance is given by AT/Q<«x W), where W is expressed in
millimeters. As an example, the structure for 3-D’thermal
simulation of the reference device is shown in Fig. S, where
the temperature profile and( corresponding cross<sectional
view through the gate are represented, together with the
temperature distribution at the barrier/channel heterojunction.
The simulated thermal resistance was 147.5 °C/W, which is in
good agreement with the measured data.

B. Results and Modeling

The dependence of the thermal resistance of GaN-based
HEMTs as a function of the gate width, obtained with the
AC/pulsed method, is shown with closed/open symbols in
Fig. 6(a). The inset in Fig. 6(a) shows the corresponding
dependences of the normalized thermal resistance (thermal



resistance times the gate width). Analogously, the dependence
of the thermal resistance on gate length is shown in Fig. 6(b).

Both tendencies with gate width and gate length of the
thermal resistance were properly simulated as shown by
crosses in Figs. 6(a) and (b), in good agreement with the
measured data that is better with those obtained with the
pulsed method.

As expected, theythermal resistance significantly decreases
when both geometri¢ parameters expand, since more heat flow
can be spread out ofwthe device through the terminals.
Furthermore, from the inset in Fig. 6(a), the wider the gate, the
higher the normalized thermal resistance. This could be
attributed to transversals thermal effects, as explained later,
which are negligible for a'sufficiently high gate width (when
normalized thermal resistance tends to be.constant).

On the other hand, the reduction in thermal resistance as the
length of the' channel increases, as shown in Fig. 6(b), is
evidence that the heat flow through the gate contact becomes
more significant. This tendency vanishes for wery long
channels, when no additionalyheat flowis dissipated wvia the
gate.

The discrepancy between the thermal resistances obtained
with the AC conductance’ and pulsed methods increasés when
the gate width diminishes and gate length rises, as shown in
Figs. 7(a) and (b), respectively, where.the relative errors
between the measured data from both methods are represented
by vertical blue columns. This dependence of the relative error
on the gate geometry could be attributed.to a.corresponding
augmented mismatch between the AC output resistance of the
device at high frequencies, raar = 1/gaqr, and the nominal
resistance (50 Q) at the input ports of the vector network
analyzer, as Figs. 7(a) and (b) suggest, where normalized AC
output resistances, rqar(Q2)/50, are shown by vertical black
columns. In addition, the predicted device temperature
increment, AT = RyP, where P = I4Vy is the power dissipationy
diminishes when the gate width/length reduces/rises, which is
represented in Figs. 7(a) and (b) with vertical red columns. A
reduction in the device temperature increment indicates a
minor variation in the conductance with the operation
frequency and a minor deviation between the DC and pulsed
output conductances, which introduce a greater uncertainty in
the measurement of the thermal resistance with both
measurement techniques. Herein, the AC conductance
technique seems to be precise enough for the HEMTs whose
channel is neither narrower than 100 pm nor longer than
3 um, which are commonly used in RF power applications.
The use of higher power dissipation levels could extend some
of these limits, but trapping effects could take place as the
applied electric field increases [34].

Thus, the obtained thermal resistances can be modeled as in
[29]:

R = Rtho [H‘L (l_i)] (4)
L7 °\L L./I

where Ly is the gate length of the reference device, for which
the thermal conductance, Gw = 1/Rs, obeys the linear
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Fig. 7. Normalized AC output resistance without dynamic SHES (black
columns), relative error for the thermal resistance with both AC conductance
and pulsed techniques (blue columns), and device temperature increment due
to. SHES\@ed columns) with (a) gate width, for L = 2 um and (b) channel
length, for W= 100 um.

TABLEI
PARAMETERS TO MODEL THE DEPENDENCY OF THERMAL RESISTANCE
ON DEVICE.GEOMETRY WITH THE AC TECHNIQUE

R (°C-mm/W)  24.18
a (mm) 0.07
Lo (um) 0.80
L (i) 2.00

dependence Guw = (W +"a)/Rm.. The positive thermal
conductance at a hypothetical zero device width, a/Riho,
indicates that heat dissipation from hot channel region is not
just parallel to current flow (longitudinal) and vertical through
the substrate and terminals, but also transverse via the gate
metal or the substrate [35]. This is enhanced by the large peak
temperature in the center of the device versus the surface
average across the width of the device [23]. This results in a
temperature gradient transverse to the current flow, and its
contribution to the total heat flow is expected to diminish as
the gate width increases. Thus, R, represents the normalized



thermal resistance for sufficiently wide HEMTs (i.e., when
W >> a and transversal thermal dissipation can be neglected).
The parameters R, and a can be determined from the slope
and W-axis intercept of the gate width dependence of the
thermal conductance for the reference device, respectively.
Similarly, L, (to modulate the gate length dependency) can be
determined from the 1/L-axis intercept of the reverse gate
length dependencevof the thermal resistance. The resulting
values for [Ruo, a, and L, are shown in Table I for the AC
technique.

Modeled data aré shown with solid lines in Figs. 6(a) and
(b), showing the expected dependence on gate geometry and
agreeing with the AC,measured data, with a relative error of
<10%.

Higher thermal resistances for .the)GaN-based HEMTs
under study were obtained in [29].(35% higher than those
obtained with'the AC,conductance technique)aln this case, as
n [15], the channel temperature under operation was obtained
by measuring. the ‘drainacurrent negatively pulsing from
various bias conditions at the drain terminal, when self-heating
was established through non-zero power dissipation. This
could lead to current collapsesby trapping effects (the/time
constant of trap emission 4§ higher 'than the pulse width,
200 ns), as indicated in [21],xesulting in a lower drain,current
than that due to SHEs and,)therefore,sa, higher thermal
resistance.

Finally, it is expected that the AC conductance method can
be applied similarly to high-power HEMTs, to extract the
thermal resistance without difficulty.

V. CONCLUSIONS

The thermal resistance of GaN-based HEMTs on silicon has
been successfully measured using the AC conductance
method. Comparable results have been obtained with the
pulsed measurement method and 3-D thermal simulations for
the HEMTs whose channel is neither narrower than 100 um
nor longer than 3 pm. The dependencies of the thermal
resistance on gate geometry (its reduction as both gate width
and gate length expand, including narrow width effects)
obtained in other technologies were observed and modeled for
circuit-design purposes. In the case of the pulsed measurement
method, negatively pulsing of the drain voltage has been
avoided in order not to overestimate the thermal resistance by
trapping effects.
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