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ABSTRACT

Due to their high thermal conductivity, diamond substrates are
seen as a way to minimize the thermal resistance present in
High Electron Mobility Transistor (HEMT) structures based
on GaN. Single-crystal AIN transition layers facilitate the
growth of high quality GaN on diamond, but such layers may
increase the total thermal resistance of the composite
substrate. This manuscript measures the thermal conductivity
and interface resistance of a 1.4 pm diamond film on a
polycrystalline AIN substrate using picosecond time-domain
thermoreflectance (TDTR) and nanosecond thermoreflectance.
Varying beam widths are used to extract the thermal
conductivity anisotropy of the diamond film.

KEY WORDS: Aluminum nitride, diamond, High Electron
Mobility Transistors (HEMT), Thermal Boundary Resistance

(TBR), thermal conductivity, Time-Domain
Thermoreflectance (TDTR)
NOMENCLATURE
A area, m’
C volumetric heat capacity (J m~ K™)
d thickness (nm)
f frequency (10° Hz)
k thermal conductivity (W m™ K™)
R thermal resistance (107 m> K W)
Subscripts
diam  diamond film
sub substrate
tran transition layer
X lateral
z cross-plane
INTRODUCTION

High electron mobility transistors (HEMT) based on GaN
semiconducting layers offer a variety of challenges related to
fabrication, design, and thermal management. An AlGaN-GaN
heterojunction creates a highly conductive 2-dimensional
electron gas (2DEQG) confined between semiconducting layers
[1]. This high electron mobility layer arises due to band
bending at the AlGaN-GaN interface, where the conduction
band briefly dips below the Fermi level [2]. By depositing
source and drain structures contacting the 2DEG and a gate
structure on top of the AlGaN layer, one can manipulate the

electron layer in a similar manner to Si-based field effect
transistors (FET). However, such transistors are capable of
faster response times and higher AC operating frequencies
than Si-based FETs [3]. The wide bandgap and high
breakdown voltage of the AlGaN-GaN heterojunction allow
greater power to be pumped through the device [4], and the
high thermal conductivity substrates facilitate thermal
management of such large power densities [3]. This ability to
operate faster at higher power than Si-based FETs makes
HEMT devices attractive for applications involving
amplification of radio-frequency and microwave radiation [3,
5.

Due to the large power densities present in HEMT devices,
thermal management is a critical issue. Because the substrate
is a key contributor to the total thermal resistance,
considerable attention is paid to substrate selection. The
current preferred substrate is SiC, with diamond substrates
being proposed to allow for even greater power densities. A
transition layer, based on AIN, usually sits between the HEMT
structure and the substrate in order to promote the growth of
high-quality GaN buffer films (Fig. 1) [6].
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Fig. 1 A representative HEMT structure based on the
AlGaN/GaN heterojunction.

Since the buffer layer and substrate are high quality crystalline
films with much lower dislocation and impurity density than
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the transition layer, it is likely that the dominant thermal
resistances in the HEMT system will be that of the disordered
low-quality buffer region near the transition layer, and the
buffer-substrate interface. The latter resistance, expressed as:

tran

Rtran = RGaN—tran + + Rtran—sub (1)

k tran

includes the GaN-transition layer thermal boundary resistance
(RGan-iran), the intrinsic thermal resistance of the transition
layer due to the thickness (d,.,) and thermal conductivity
(kyan) of the transition layer, and the transition layer-substrate
thermal boundary resistance (R u-sus)-

The thermal boundary resistance (TBR) components of R,
are due to two main factors. First, the acoustic impedance
mismatch between the two materials at an interface produces
an effect similar to Snell’s Law, where phonons transmit or
reflect with a probability determined by the mismatch [7, 8].
The Diffuse Mismatch Model expresses this transmissivity as

[8]:
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where a; , is the probability a phonon will transmit from
material 1 to material 2 and c;; is the sound speed in material i
for polarization j. Using this result, one can calculate TBR
using the simplified relation [9]:

- ®)

a .,
=23 ¢ (1)t

-2
12 ‘i 2.5

J

R, =

where ¢, is the polarization-averaged sound velocity in
material 1 and C\(7) is the temperature-dependent volumetric
heat capacity. Second, the presence of impurities, defects, or
small grains near the interface may significantly reduce the
mean free path of nearby energy carriers. This increases the
thermal resistance beyond the value expressed in Equation (3).

The transition layer resistance complicates the discussion of
minimizing the thermal resistance between the HEMT device
and the cooling solution. As mentioned before, diamond
substrates, with thermal conductivities reported to be on the
order of 2000 W m™ K' [10], are seen as an appropriate
replacement for existing SiC substrates. However, if the total
resistance of the transition layer is large enough, it can
outweigh the thermal resistance improvements offered by
using a diamond substrate.

For example, let us compare the thermal resistances of a
hotspot on a GaN/SiC or GaN/Diamond structure using a
simple heat spreading analysis. In this approach, we assume a
hotspot of varying width (w) and length (L) on top of the
GaN/Substrate stack. The spreading resistance for such a
hotspot on an arbitrary substrate is given by [11]:
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where S is a shape factor determined by the heating geometry
and kg is the thermal conductivity of the substrate. Between
the GaN and substrate layers is a thermal boundary resistance.
This TBR impedes heat flow and affects the healing length of
the hotspot within the GaN layer [12]:
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where dggy IS the thickness of the GaN layer, kgay is the
thermal conductivity, and R; is the TBR between the GaN and
substrate. This healing length dictates the area over which heat
diffuses from the interface into the substrate. Using this
information, we find the total thermal resistance experienced
by the hotspot:
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The first term in this sum will be the same for SiC and
diamond substrates. Comparisons of different GaN-substrate
combinations will focus on the last two terms.

For example, consider a hotspot generated by a HEMT gate
with length 100x its width (Fig. 2). For transition layer
resistances above 5 m’K/GW, we see that the combined
substrate and boundary thermal resistance for device widths
on the order of 10 nm is larger for diamond than for SiC. This
situation would arise if: 1) more transition layer material is
required to handle the lattice mismatch between diamond and
GaN, 2) the mismatch in acoustic properties between the two
films produces a much larger thermal boundary resistance, or
3) the defect density within the transition layer is higher due to
mismatch stresses.

Although work exists in measuring R,,, for SiC substrates
[13-16], no such measurements have been performed for
diamond. This paper presents picosecond time-domain
thermoreflectance (TDTR) and nanosecond thermoreflectance
(NTR) measurements of a diamond on poly-AIN system. From
these measurements, we extract the intrinsic thermal
conductivity of the diamond, the anisotropy of the diamond
thermal conductivity, and the thermal interface resistance
(TIR) experienced by diamond on poly-AIN. The presence of
a low-quality layer AIN layer near the interface prevents us
from referring to the diamond-AlIN resistance as a TBR, since
some degree of intrinsic conduction is involved. Comparing
the diamond-AIN TIR to the transition layer resistance
measured in GaN-SiC systems, we posit that R, and the



intrinsic transition layer resistance may be the most significant
contributor to R,, for GaN on diamond.
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Fig. 2 Substrate and boundary thermal resistance experienced
by HEMT gates of varying width with fixed aspect ratio. The
simulated sample consists of 1000 nm GaN on diamond/SiC.

EXPERIMENTAL METHOD

Extracting the thermal properties of a thin diamond film is not
a trivial task. Since these films may have conductivities on the
order of 2000 W m™ K [10, 17], it becomes difficult to
separate their intrinsic thermal resistances from the boundary
resistances [18]. In order to access the intrinsic resistance of
the diamond film independently of the TBR, we must confine
our measurement to the film region of interest. As the regime
map in Figure 3 demonstrates, there are several temporal
measurement regimes capable of accessing the thermal
properties of a wide range of diamond film thicknesses. In
order to obtain both total film resistance and individual TBRs,
we used a combination of nanosecond- and picosecond- scale
optical techniques.

NTR and picosecond TDTR operate on significantly different
time scales, but utilize the same physical principle to measure
the temperature decay of a heated metal transducer on a stack
of thin film materials. In both cases, a pump beam pulse
rapidly heats the metal transducer. A separate probe beam
interrogates the reflectivity of the transducer as a function of
time after the pulse. Since the reflectivity of the transducer
scales linearly with temperature, the reflected probe beam
signal acts as a thermometer for the metal film [19].

The critical difference between the two techniques arises from
their vastly different timescales. Since the temperature decay
from a NTR pulse takes place over several ps, it can be
captured using only the bandwidth of a single photodetector
[20]. However, the thermal decay from picosecond TDTR is
only a few ns long, so such a technique is not viable. Instead,
we split the pulse from a single Nd:YVO, laser into a pump
and probe component. The pump travels along a fixed path to
the sample. A linear delay stage controls the path length of the
probe pulse, which strikes the sample at a controlled time after
the pump beam [21]. Further, by amplitude modulating the
pump beam and using a lock-in to measure the probe beam

component at that modulation frequency, we separate the
thermoreflectance component of the beam from the total
reflected signal.
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Fig. 3 Regime map of accessible thermal resistances for
various time-scale measurements. The shaded regions indicate
the resolvable range of thermal resistance for that particular
technique. In the case of our 1.4 um diamond films, we may
use nanosecond and picosecond optical thermometry.

We fit for the thermal properties of the materials beneath the
transducer layer using a multilayer heat diffusion model [22].
Since the NTR pump beam is much larger than the thickness
of the diamond film, thermal spreading is negligible, and
conduction is effectively 1-D. However, since the picosecond
TDTR pump beam is of the same order as the film thickness,
we utilize a 2-D radially-symmetric model [23]. Figure 4
demonstrates the TDTR result for a calibration sample
consisting of aluminum on SiO; on silicon.

In simulating heat diffusion through multilayer stacks, it is
important to consider whether the thermal conductivity
anisotropy of the film significantly affects the measurement.
When the thickness of the film is of the same order as the
width of the heating source, such spreading effects are non-
negligible. Further, the thickness-dependent columnar grain
structure of diamond films impedes the mean free path (MFP)
of phonons in the lateral direction, reducing the lateral thermal
conductivity [10, 18]. Since the 1/e’ pump beam waist in our
experiment is 10 pum, only 7x the thickness of the film,
thermal spreading effects are non-negligible. To counteract
this, we use microscope objectives of varying magnification to
control the width of our pump and probe beams (Fig. 5). This
allows us to tune the sensitivity of the measurement to lateral
thermal conduction. The wider pump beam data gives the
cross-plane thermal conductivity of the sample. We use this
result with the thinner pump beam data to determine the lateral
thermal conductivity of the sample. Combining both of these
results with NTR measurements of total film resistance
uniquely extracts the cross-plane and lateral diamond thermal
conductivity, the Al-diamond TBR, and the diamond-AIN
TIR.
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Fig. 4 Characteristic thermal decay curve and numerical fit
for a sample consisting of Al on SiO, on Si. The numerical fit
reveals gives a SiO, thermal conductivity of 1.4 W m' K,
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Fig. 5 Wider heat sources are less sensitive to thermal
spreading resistance in the diamond film. As such, varying
pump beam widths can control the measurement sensitivity to
lateral thermal properties.

SAMPLE PREPARATION

The sample design goal for this experiment was to mimic the
diamond-AlIN interface in a HEMT device while placing that
interface within the thermal penetration depth of the
measurement technique. Further, in order to access the thermal
properties of the diamond film, we required direct contact
between the transducer and diamond layers. The samples
therefore consisted of a poly-AIN substrate which had been
chemically-mechanically polished (CMP) to create a smooth
growth surface. This resulted in a ~ 100 nm damaged AIN
region at the interface. Subsequently, 1.4 and 1.7 um of
diamond were CVD-grown on the AIN substrate (Fig. 6). The
picosecond TDTR sample (1.4 um diamond) received a 50 nm
Al transducer, while the NTR sample (1.7 um diamond)
received a significantly thicker transducer.

Diamond (1.4 um)

Low-Quality AlN Layer (¥ 100 nm)
Poly-AIN Substrate
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Fig. 6 a) Top-down view of the diamond film. Average grain
width is ~ 0.5 pm. b) Cross-sectional view of the diamond on
poly-AIN sample.
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RESULTS AND DISCUSSION

From the NTR measurements, we extracted the total effective
cross-plane thermal conductivity (ke) of the diamond film.
This value, 57.4 W m™ K, includes both the intrinsic
resistance of the diamond and the diamond-AIN TIR. Since
the timescale of the measurement is much longer than the
characteristic decay length of the diamond film, we are
incapable of separating the intrinsic and boundary resistance
components. Instead, this result determines a range of possible
values for intrinsic diamond thermal conductivity (Kgiam) and
diamond-AIN TIR (Rain-diam)- USING Rerr = dgigm/kesr as the
total thermal resistance of the film, Kgam and Ran-giam are
related by:

ddiam (7)
Reff - RAlN—diam

kaiom =

Figure 7 plots the value of Ran.giam @S a function of Kgjam.
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Fig. 7 Nanosecond thermoreflectance reveals the total cross-
plane thermal resistance of the diamond film to be 26.6 m? K
GW'™. This plot demonstrates the range of possible diamond
thermal conductivities and AIN-diamond TIRs (obtained using
Equation 7) given this data.

Although the NTR data does not allow separation of these two
resistances, the results form a constraint for the picosecond
TDTR results. In this case, we numerically fit for Kgam and
Rain-giams USIiNg Equation 7 to link the two values. This model,
in combination with the varying beam waist data, yields Kgiam
=300 +/- 40 W m™ K™ in the cross-plane direction, with an



anisotropy of k,/k, = 0.75 +/- 0.05. Further, we find Ra.giam =
10.4 +/- 0.5 m* K GW™" and Ragiam = 19.7 +/- 1.0 m* K GW™*
(Fig. 8). The uncertainty bars in these results are due to the
existence of multiple possible combinations of Kgiam and Ra-
diam Which fit the picosecond TDTR data and satisfy the
constraint of Equation (7). Past measurements on the thermal
properties of diamond films on silicon showed similar results
for diamond-substrate TBRs [18] and intrinsic diamond
thermal conductivity [10].
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Fig. 8 Thermal decay traces for the diamond on AIN samples
using (a) a 10x objective and (b) a 20x objective. The fitted
results are shown in the boxes below the legends. From these
results, we find the diamond thermal conductivity anisotropy
to be ~ 0.75 +/- 0.05.
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Since the diamond layer is significantly thicker than the low-
quality AIN layer, and the separation between the transducer
and AIN layers is quite large, the heat capacitance of the
diamond overwhelms that of the AIN layer. While the high
diamond thermal conductivity prevents this from significantly
impeding the measurement’s sensitivity to the properties of
the AIN film, it does make it difficult to separate the diamond-
AIN TBR from the intrinsic resistance of the low-quality AIN
film. However, by comparing our results to similar work for
GaN on SiC, we can evaluate the performance of a GaN-
diamond interface [13-15].

Manoi et al report the thermal interface resistance trend
between GaN and SiC, with room temperature results ranging
from 5 to 30 m’K/GW. Specifically, for an AIN nucleation
layer of 70 nm thickness between GaN and SiC, room
temperature TIR ranges from 20 to 25 m* K GW™' [15]. They
further demonstrate that this resistance scales with nucleation
layer defect density. The diamond-AIN TIR measured here is
similar to the results of [15]. Although our structure lacks the
GaN-transition layer TBR, this value is likely significantly
smaller than what is reported here.

This diamond-AIN TIR contributes significantly to the total
transition layer resistance. There are three potential causes for
this large resistance: grain boundary scattering, defect
scattering, and acoustic impedance mismatch. First, the grain
size in CVD diamond depends strongly on the thickness of the
film [18]. Near the diamond growth surface is a layer of very
small diamond grains, upon which the larger columnar grains
grow. The presence of the CMP-damaged layer further
impedes the growth of larger grains. These small grains
significantly reduce the phonon mean free path, resulting in a
thin region of low thermal conductivity near the interface.
Since the region is thin compared to the total thickness of the
diamond film, the increased scattering resistance appears as a
TBR. Second, the high defect density of the CMP-damaged
region significantly reduces the mean free path of phonons in
transition layer. Finally, the phonon transmissivity at an
interface depends on the relative acoustic properties of the two
films [8]. Since the CMP step significantly damaged the AIN
near the diamond-AIN interface, the resulting 100 nm layer is
likely far more compliant than the original poly-AIN substrate.
As a result, the sound velocity mismatch between the
transition layer and diamond will be high. This significantly
lowers phonon transmissivity at the interface and increases
TBR.

In order to improve the performance of the diamond substrate,
we must address the above contributions to TIR. We can
reduce all three scattering sources through the use of single-
crystal AIN nucleation layers. Grain boundary scattering,
defect scattering, and reduced phonon transmissivity all stem
from the presence of the damaged AIN layer. A high-quality,
single-crystal AIN film would provide a better growth surface
for the diamond film, improve the phonon mean free path
within the transition layer, and enhance phonon transmissivity
at the diamond-AIN interface.

SUMMARY AND CONCLUSION
The performance of diamond in HEMT applications depends
on both the intrinsic and interface thermal resistances of the
substrate. Several phenomena govern the interface resistance,
including grain boundary scattering, defect scattering, and
acoustic impedance mismatch. If these three components
contribute to a transition layer resistance in excess of 5
m’K/GW, diamond loses the advantage over traditional SiC
substrates. We quantified the diamond-AIN TIR using time-
domain and transient thermoreflectance techniques, and
determined the TIR to be ~ 19.7 m*’K/GW. Although this
value exceeds the limit for which diamond is more effective



than SiC, higher quality growth surfaces should significantly
reduce the diamond-AIN TIR, potentially making such
substrates optimal choices for HEMT thermal management.
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