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AlGaN/GaN field effect transistors for power electronics—Effect of finite GaN
layer thickness on thermal characteristics

C. Hodges,"® J. Anaya Calvo,' S. Stoffels,? D. Marcon,? and M. Kuball'
'H. H. Wills Physics Laboratory, University of Bristol, Bristol BS8 ITL, United Kingdom

2IMEC, Kapeldreef 75, B3001 Leuven, Belgium

(Received 1 October 2013; accepted 1 November 2013; published online 12 November 2013)

AlGaN/GaN heterostructure field effect transistors with a 150nm thick GaN channel within
stacked Al,Ga, 4N layers were investigated using Raman thermography. By fitting a thermal
simulation to the measured temperatures, the thermal conductivity of the GaN channel was
determined to be 60 W m~' K™', over 50% less than typical GaN epilayers, causing an increased
peak channel temperature. This agrees with a nanoscale model. A low thermal conductivity AlGaN
buffer means the GaN spreads heat; its properties are important for device thermal characteristics.
When designing power devices with thin GaN layers, as well as electrical considerations, the
reduced channel thermal conductivity must be considered. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4831688]

AlGaN/GaN high electron mobility transistors (HEMTs)
offer great promise for high-efficiency power conversion
applications at higher voltages and temperatures than current
technologies enable. This developing technology, however,
still faces reliability issues. It is known that some of the deg-
radation mechanisms' have a significant thermal acceleration
component. Being able to accurately monitor and optimize
the temperature of an operating heterostructure, field effect
transistor (HFET) is therefore essential. AIGaN/GaN/AlGaN
double HFETs (DHFETS) have been used for power applica-
tions,” enabling high breakdown voltages important for
switching converters. However, the implications of using a
thin GaN device channel on thermal performance have not
been studied to date. It is known that thin (up to hundreds of
nanometers) semiconductor layers generally have reduced
thermal conductivity compared to the bulk material as stud-
ied for Si and SiGe;z"4 this effect has not been considered yet
for GaN, in particular in a device context. The thermal con-
ductivity of the GaN channel is of particular importance in a
DHFET, as it should act as a heat spreader layer when on top
of an AlGaN buffer, which inherently has a much lower ther-
mal conductivity than GaN,> by an order of magnitude. In
this work, the thermal conductivity of a 150nm thin GaN
channel in an AIGaN/GaN DHFET was found to be around
60W m~' K™, a reduction of more than 50% compared to
typical GaN epilayers, leading to significantly increased
channel temperatures in AlGaN/GaN/AlGaN DHFETs and
the implications on the device thermal characteristics were
studied.

The AlGaN/GaN/AlGaN DHFETSs on Si substrates stud-
ied here consisted of a 150 nm GaN channel layer on top of
multiple Al,Ga,_,N layers, with the aluminum fraction x
decreasing in steps from the substrate to the device channel,
with a 7nm Alg45Gag 55 N barrier layer on top of the GaN
channel (Figure 1). The source—drain spacing was 11.5 um
with a 1.5 um gate and a gate—drain spacing of 8 um. The
ohmic contacts were TiAIMoAu, and the Schottky gate was
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Ni/Au. The gate contact was a T-gate with an overhang
of 1 um towards the drain. The devices were operated up
to Vps=20V. The source-gate pinch-off voltage was
+475mV. Enhancement mode operation was achieved by
selective removal of in-situ-grown SiN before gate deposi-
tion. More details on the devices can be found in Ref. 6.
Raman thermography is a useful tool for extracting the
channel temperature of electronic devices with submicron
spatial resolution.””® For the Raman thermography measure-
ments, a Raman spectrometer operating at 532 nm in back-
scatter configuration was used. The devices were scanned
under the laser spot in 0.25 um steps, to record temperature
profiles. The laser spot size was 0.5 um. The temperature of
a given layer of the device was determined from the shift of
the corresponding Raman peak from a reference spectrum
recorded with the device pinched off, as is commonly used
to consider the effects of strain.” A typical Raman spectrum
of the device studied here is shown in Figure 2. Each of the
device layers, with its Al fraction, is apparent in the Raman
spectrum. The frequencies of the modes observed are com-
patible with those reported in the literature, for example in
Ref. 10. The A; phonon mode was used where possible to
determine the device temperature (for the GaN and
Alp70Gag3oN it was necessary to use the E, line for

1.5um
12um 1" le— 8um —

SiN

Alg 45Gag 55N barrier (7nm)
GaN (150nm)

Alg 18GaggzN (1.02um)

Alg 40GageoN (0.49um)
Alg 70Gag 50N (0.30um)
AIN (0.20pm)

Si <111> substrate

FIG. 1. Schematic of AIGaN/GaN DHFET structure studied.

© 2013 AIP Publishing LLC
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FIG. 2. Typical Raman spectrum of the DHFET studied. Asterisks indicate
peaks used in the Raman thermography measurements. The inset shows
experimental and fitted temperature-dependent phonon mode shifts with
respect to the phonon frequency at 0K, obtained by background heating/
cooling of the device for the calibration measurement.

improved signal-to-noise ratio in the temperature measure-
ment). For Al;Ga, N, the E; mode splits into AIN-like and
GaN-like lines, which share the intensity in approximate pro-
portion to the Al fraction, for example, for Alj 13Gag g, N the
GaN-like mode is much stronger than the AIN-like mode,
which is even not observable, and correspondingly for the
other layers. Broadening for Al;Ga,_,N Raman modes due
to alloy disorder is observed for both E, and A, compatible
with that reported by Davydov.'® For calibration, thermal
peak shifts for Raman-accessible phonon modes were deter-
mined as a function of temperature (inset to Figure 2) using
backplate heating/cooling of the whole device. The thermal
characteristics of the device were simulated in three dimen-
sions using Thermal Analysis System (TAS) finite difference
software from Ansys, Inc. As Raman thermography meas-
ures average temperature over each device layer thickness,''
the temperature in the simulation was averaged over a vol-
ume corresponding to the laser focus within each layer when
comparing to experimental data.

Figure 3 shows the temperature distribution in the
AlGaN/GaN DHFET in the GaN channel and the different
AlGaN layers in the gate-drain access region of the device,
with the device operated at 6.5 Wmm ™ '. The temperature
peaks near the drain side of the gate contact in the GaN
channel. This is where the majority of the electrical power
is dissipated as Joule heating in the device. Temperature
decreases towards the Si substrate, as is apparent with each
AlGaN layer closer to the Si substrate, with the heat
sink of the device being at the back of the Si substrate.
The higher noise in the measured temperature data for
the Al,Ga;_ 4N layers compared to the GaN and the Si
substrate is due to the lower signal-to-noise for the corre-
sponding Raman peaks (Figure 2). The presence of differ-
ent compositions of Al;Ga;_,N provides the possibility to
access three-dimensional thermal information of benefit
when subsequently comparing experimental to thermal
simulation data. The simulation assumed the majority of
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FIG. 3. Experimental (points) and simulated (lines) temperature distribution
of an AlGaN/GaN DHFET across the gate-drain access region, with the
device operated at Vps=20V, Vgs=1V (Ip=325mA mm™'), at
6.5Wmm ' with a backplate temperature of 25°C. The inset shows the
simulated temperature of the GaN channel for a range of GaN thermal con-
ductivities considering for typical GaN epilayers a thermal conductivity of
160 W m~' K. Representative error bars are shown.

heat to be dissipated near the gate overhang as this pro-
vided the best agreement of the simulated to the experi-
mental data.

Thermal simulations of the devices were performed
using established thermal conductivity values for the
Al Ga; 4N layers from the literature.'®> The GaN thermal
conductivity was fitted to give the best agreement to the
experimental device data, in the device channel, and the dif-
ferent Al,Ga; N layers. A GaN thermal conductivity of
60 Wm ' K~ was found to provide the best fit to the exper-
imental data. This is more than 50% lower than the thermal
conductivity of typical GaN epilayers, which is typically
160W m~' K~'.'* The temperature profile was only weakly
dependent on the thermal conductivities of the AlGaN buffer
layers, though the thermal conductivity of the Aly15Gagg,N
did affect the magnitude of the temperature peak.

The inset to Figure 3 shows the dependence of peak
channel temperature on GaN thermal conductivity in this de-
vice structure. The peak temperature in the channel is 20 °C
higher when the GaN has a thermal conductivity of
60Wm ™' K~ than if it had the typical GaN epilayer value
of 160 W m~' K~'. The inherently low thermal conductivity
of the AlGa; N layers in the DHFET, typically of
20Wm ™' K™, hinders optimal heat transport from the de-
vice channel to the substrate and therefore the heat sink. The
thermal properties of the GaN channel are therefore critically
important as it not only acts as the medium for transporting
the electrons, but also as a heat spreader plate in the devices.
In a nanolayer thinner than the bulk phonon mean free path,
the cross-plane phonon transport is nearly ballistic, i.e., the
phonons arrive at the boundary without suffering other scat-
tering processes, then are scattered at the boundary. On the
other hand, the lateral heat transport is severely limited by
the proximity of the boundaries, which reduces the mean
free path of the phonons inside the layer. The lateral thermal
conductivity of the GaN is therefore of considerable impor-
tance to the peak channel temperature. This significant
increase in peak channel temperature caused by the
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decreased GaN thermal conductivity therefore exacerbates
the effect of the low thermal conductivity Al,Ga; N stack
on the device thermal characteristics.

To determine whether the reduced thermal conductivity
of the 150nm GaN layer in the DHFET of 60 W m™~' K™
determined here is consistent with what is expected, a model
considering thermal transport on the nanoscale was consid-
ered. In nanostructures, the mean free path of the phonons is
comparable to the thickness L of the layer,'*'® as thermal
transport is then dominated by the scattering events at the
boundaries. In this regime one can approach the thermal
transport through a phonon fluid in the Knudsen regime.'>"'®
Using this formalism, the thermal conductivity of a thin film,
kriim» can be expressed as a function of the bulk thermal con-
ductivity kg,"”

At
Ap

ey

kriim = kB

introduced initially for Si, where Ag is the bulk mean free
path of the phonons, and the effective phonon mean free path
in the thin layer, A¢y is described as (1/2)(A; + Az), Ay
and A, being two functions of the Knudsen number
K, = Ag/L given by

A1 = AgK, J I+ (x—1)e™*— o’ J B e’ﬁdﬂ do
0 a

1 1 1 2
mmte 1= (1)t - () [t ) o

The mean free path of phonons for GaN (Ag) can be obtained
from the classical kinetic expression for the thermal conduc-
tivity as k = (1/3)C,Apv, which relates the thermal conduc-
tivity & to the heat capacity C, and the sound velocity v, using
Cy ~ 35T mol ' K" at 300K,"® while values ranging from
3338m s ' to 5000m s~ were reported for the sound veloc-
ities of GaN."*° Taking into account that the accepted value
for the thermal conductivity of the GaN epilayer used in typi-
cal GaN devices is ~160Wm ™" K™, the mean free path of
phonons calculated through the kinetic expression for GaN is
278 nm and 410 nm using the lower and higher sound veloc-
ities, respectively. Introducing these values for Agp into
Eq. (1), the thermal conductivity for a layer with a thickness
of 150 nm is within the range 62-78 W m~ ' K, in excellent
agreement with our experimental value of 60 W m~"' K.
Figure 4 illustrates the thermal conductivity of the GaN as a
function of the layer thickness determined using these mean
free paths. It is apparent that for device GaN layer thickness
in the 10s of nanometers, the thermal conductivity will be in
the region of 15-25W m~' K~', comparable to AlGaN, and
therefore the GaN channel will no longer provide a heat
spreading function in the devices.

In conclusion, the thermal conductivity of a 150 nm
GaN channel layer in an AlGaN/GaN/AlGaN DHFET
was found by Raman thermography and simulation to be
~60Wm~' K™, significantly less than that of a typical GaN
epilayer. Due to the low thermal conductivity of the AlIGaN
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FIG. 4. GaN thermal conductivity at room temperature determined using the
nanoscale model as a function of layer thickness considering sound veloc-
ities of 3338 m s~ (solid red line) and 5000m s~ ' (dashed black line), and
comparison to the experimental value determined here.

device layers, the GaN acts as a heat spreader in the devices.
This thermal benefit of the GaN channel layer, however,
disappears when its thickness is reduced to the 10s of
nanometers range. The resulting increased peak channel tem-
perature has implications which need to be considered for
optimizing AIGaN/GaN/AlGaN DHFET designs. The ability
to measure the temperature of Al,Ga, 4N buffer and inter-
face layers within an operating AlGaN/GaN/AlGaN
DHFETs was demonstrated, in addition to directly meas-
uring the temperature of the GaN device channel itself.
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