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ABSTRACT

In this work, a combination of Raman thermography and
finite element thermal modelling was used to examine the
thermal conductivities of different buffer layers in four
AlGaN/GaN ungated high electron mobility transistors
(HEMTs). The parameterisation of the thermal
conductivities of iron-doped GaN, carbon-doped GaN
and AlyosGaggsN buffer layers gave good agreement in
thermal simulations to experimentally-measured GaN
temperatures obtained by Raman thermography. This
shows the viability of the combined experimental and
modelling method used in this work, for the extraction of
layer thermal conductivities in complex AlGaN/GaN
device heterostructures.

1. INTRODUCTION

AlGaN/GaN HEMTs are excellent candidates for high
frequency[1] and high power applications[2]. During
device operation, a temperature rise in the active GaN
region of the device has a significant effect on device
reliability and performance. There is therefore a need for
effective heat extraction from this active region to the
substrate heat sink. This thermal transport is affected by
the thermal conductivity (x) of the buffer layers and
nucleation layer between the active region and substrate.
Manoi et al.[3] have reported differences in active region
temperature rises in AlGaN/GaN HEMTs with varying
AIN nucleation layer quality and thickness. It is however
also important to investigate the effect of different GaN
buffer layer structures typically used in these devices on
the heat extraction efficiency. There has been extensive
research into the combination of experimental and
thermal modelling to simulate temperature rises in the
active region of AIGaN/GaN devices [4],[5]. These
simulations can be used to examine the thermal
conductivity of the layers between the active GaN device
channel and the substrate in order to investigate thermal
transport vertically through the AlGaN/GaN device. In
this work, a combination of Raman thermography and
finite element thermal modelling was used to investigate
the thermal conductivities of different buffer layers in
four AlGaN/GaN devices. This enabled the contribution
of the different GaN buffer layers in the devices to
vertical heat extraction efficiency to be compared.

2. EXPERIMENTAL

Four AIGaN/GaN ungated transistors with different
vertical buffer layer structures as shown in Figure 1 were
grown by metal organic chemical vapour deposition
(MOCVD) on 370 pm thick vanadium-doped semi-
insulating (SI) 6H-SiC substrates. The ungated transistors
were surface-passivated with silicon nitride; for ohmic
contacts Ti/Al/Mo/Au (15/60/35/50 nm) annealed at
850°C for 30 s in N, was used. Separations between
contacts were between 4 and 20 um, with a device width
of 80 um.
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Figure 1: Heterostructure studies for four (A-D) AlGaN/GaN
ungated HEMTs on SI-SiC substrates.

Raman thermography was utilized to measure the average
temperature of the GaN layers in the devices using the
temperature dependence of the GaN A;(LO) phonon
mode. The measurement was performed using a
frequency-doubled Nd:YAG 532 nm CW laser of a
Renishaw InVia spectrometer at a power of 3mW in
which the ungated devices, placed on a copper heat sink,
were mapped laterally by the laser beam from the middle
of the active device region along the contacts to 60 pum
outside the device. Device A, devices B and D and device
C were operated with a power dissipation of 1.23W,
0.98W and 0.85W respectively. More details on the
Raman thermography technique can be found in [6].
Three-dimensional (3D) finite element thermal modelling
was performed for all the devices so as to simulate the
device temperature; the average GaN lateral temperature
was then compared to the experimental data recorded by
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Raman thermography. By fitting of the temperature
distribution of each device in the simulation to the
experimental data the thermal conductivities of the GaN
buffer layers were determined. The assumptions made in
the model were that there was uniform power dissipation
in the ungated devices and that the thermal conductivity,
Kk of the undoped and carbon-doped GaN layers were
equal in the devices due to the carbon-doping
concentration being less than the order of 10*® cm3[7]

3. RESULTS AND DISCUSSION

Figure 2 shows the average GaN, lateral temperature
maps using Raman Thermography with the best fit,
simulated temperature maps overlaid for devices A-D.
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Figure 2: Experimentally-determined average GaN temperature
measured from the centre of the devices to outside the active
device region as indicated in the inset of (i), and simulated
temperature fitted to the experimental data for (i) devices A and
B with a contact separation of 4 um and 20 pm respectively and
(ii) devices C and D with a contact separation of 20 pm.

K(SiC) was fixed at 400 W m™ K™ in all devices as a
good fit of simulation to the experimental temperature
map outside the device was obtained with this thermal
conductivity value for device A. We note that outside the
active device area, predominantly the substrate thermal
conductivity impacts the GaN temperature, while inside
the active device area, there are additional contributions
from the GaN buffer layers and nucleation layer [8].

From the fitting of the simulated temperature profile to
the experimental temperature map for device A,
k(carbon-doped GaN) and k(AIN) were found to be 185

and 11 W m™ K respectively. « of carbon-doped GaN
reasonably matches previous literature values[4] and « of
the AIN layer suggests that the thermal boundary
resistance associated with this layer is 2.8 x 10° W™ m?
K™ which is on the lower end of previously reported
values for AIN layers of similar thickness[3].

Using these parameters for the thermal model of device B
with the assumption that carbon-doped GaN and undoped
GaN have the same thermal conductivity gives a good fit
of simulation to experimental results as seen in Figure
2(i), confirming the previously obtained thermal
conductivity values for device A. Furthermore by using
the same thermal conductivity values for undoped GaN
and AIN in device C and D good fits were achieved with
K(Aly0sGapesN) as 30 W m™ K™ which is in excellent
agreement with previous literature values for Al,Ga; 4N
alloys[9] and k(Fe-doped GaN) as 92 W m™ K™ which
again agrees well with what can be expected considering
point defect scattering and in comparison to the thermal
conductivity of Si-doped GaN with a similar doping
concentration [7]. It is important to note that because the
iron-doped GaN layer is thin, the average GaN
temperature is not as sensitive to the thermal conductivity
of this layer so there is some uncertainty in determining
this k value.

4. CONCLUSION

The thermal conductivities of different GaN buffer layers
in four AlGaN/GaN ungated device structures were
investigated using a combination of Raman
Thermography and a 3D finite element modelling
approach. Thermal conductivities of AlgsGaggsN, iron-
doped GaN and carbon-doped GaN layers in the
structures which match previous literature allowed for a
good fit of simulation to experimental temperature data.
This combined modelling and Raman thermography
approach represents a viable way of examining the
thermal conductivities of the individual layers of a group
of complex AlGaN/GaN device structures.
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