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Direct Low-Temperature Integration of Nanocrystalline
Diamond with GaN Substrates for Improved Thermal

Management of High-Power Electronics

Vivek Goyal, Anirudha V. Sumant,* Desalegne Teweldebrhan, and Alexander A. Balandin*

A novel approach for the direct synthetic diamond-GaN integration via
deposition of the high-quality nanocrystalline diamond films directly on

GaN substrates at temperatures as low as 450-500 °C is reported. The low
deposition temperature allows one to avoid degradation of the GaN quality,
which is essential for electronic applications The specially tuned growth
conditions resulted in the large crystalline diamond grain size of 100-200 nm
without coarsening. Using the transient “hot disk” measurements it is dem-
onstrated that the effective thermal conductivity of the resulting diamond/
GaN composite wafers is higher than that of the original GaN substrates at
elevated temperatures. The thermal crossover point is reached at =<95-125 °C
depending on the thickness of the deposited films. The developed deposi-
tion technique and obtained thermal characterization data can lead to a

new method of thermal management of the high power GaN electronic and

of GaN technology.**] The temperature
rise in high-power AlGaN/GaN heter-
ostructure field-effect transistors (HFETS),
which is currently on order of =180 °C,
continues to increase with growing current
densities and shrinking device sizes.

For this reason, reliable performance of
such devices depends on heat dissipation
in the device active regions, which, in turn,
depends on the thermal conductivity of
GaN and common substrates used for its
growth, e.g., silicon (Si), sapphire (Al,O),
or silicon carbide (SiC). Most recently, GaN-
on-diamond wafers have been proposed
as alternatives to conventional GaN/SiC
offering improved thermal management.’!

optoelectronic devices.

1. Introduction

Gallium nitride (GaN) attracts major attention for its wide range
of the existing and potential electronic and optoelectronic appli-
cations. GaN, with a large bandgap of 3.4 eV, possesses a very
high breakdown voltage (3 X 10° V cm™) and an extremely high
peak (3 x 107 cm s7!) and saturation velocity (1.5 x 107 cm s71).[1
These unique properties along with the high electron mobility
observed in AlGaN/GaN heterostructures (2019 cm? V-1 s71)i2l
make GaN a superior material to Si and GaAs for the high-
temperature high-power electronic devices, ultrahigh power
switches, and microwave-power sources.’l However, self-heating
limits the performance of GaN devices and further development
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Numerous approaches have been explored

to integrate diamond with GaN including

wafer-bonding, which involves either

physical bonding GaN substrate with dia-
mond wafers through some interlayer®® or direct deposition of
diamond films on GaN." In the first case, the bonding process
is critical, costly, and involves an additional dielectric adhesive
layer of =50-nm thickness. This interlayer of a dissimilar mate-
rial acts as a thermal barrier making it less efficient in the heat
transfer In the second case, high substrate temperature required
for the diamond deposition (=800 °C) leads to GaN degradation
owing to either diffusion of carbon (C) atoms to the GaN lattice
or loss of nitrogen (N) from GaN resulting in the decreased GaN
material quality. Moreover, it has been shown that lowering tem-
perature below 600 °C using conventional H,/CH, based growth
chemistry results in the growth of the poor-quality diamond.”!
It is therefore crucially important to develop a method for the
growth of the high-quality diamond films on GaN substrate at
reasonably low substrate temperatures (400-500 °C).

In this work, we present a novel approach for the direct
diamond-GaN integration based on nanocrystalline diamond
(NCD) films growth using Ar/CH,/H, gas chemistry. We suc-
ceeded in depositing high-quality NCD films directly on GaN
substrates at low substrate temperatures of 450-500 °C. A spe-
cial feature of NCD films was a relatively large diamond grain
size of 100-200 nm, which is beneficial for thermal manage-
ment. Conventional NCD films have smaller grain sizes of
10-100 nm.'" We have experimentally shown that the effective
thermal conductivity of the resulting NCD-on-GaN is better
than that of the original GaN substrate at elevated temperatures.
The thermal crossover point, where the effective thermal con-
ductivity of NCD/GaN composite substrates outperforms that
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of GaN, is reached in the range T = 95-125 °C depending on
the thickness of the deposited NCD films. This cross-over tem-
perature is lower than the operating temperature (T = 180 °C)
of GaN based HFETs, which clearly indicates the advantage
offered by thin NCD films for efficient thermal management of
GaN high-power high-temperature devices.

2. Sample Preparation and Characterization

We have grown NCD films of different thickness on free-
standing single-crystal GaN substrates (480 um thickness).
The growth of NCD films were performed in a 915 MHz large-
area microwave plasma chemical vapor deposition (MPCVD)
system (DiamoTek 1800 series 915 MHz, 10 KW from Lambda
Technologies Inc.) in the clean room environment. Prior to
the growth, GaN substrates were deposited with a 10-nm thick
tungsten layer using a sputter deposition process followed by
the seeding treatment using the commercially available nano-
diamond containing solution (source ITC, Raleigh, NC). This is
a part of the process that we have developed for the growth of
the low temperature nanocrystalline diamond film on a given
substrate. More details about the MPCVD system and seeding
process for low temperature growth are given elsewhere.['!

The conventional NCD films are generally grown in the
hydrogen (H) rich environment using H,/CH, gas chemistry.[!’!
The growth conditions for our films were different. We used the
argon-rich environment consisting of Ar/CH,/H, gas chem-
istry. It is well-known that the addition of hydrogen gas above
5 vol% to the Ar/CH,, mixture in an MPCVD process results in
the systematic increase in the grain size of ultrananocrystalline
diamond (UNCD) with an increase in the hydrogen concentra-
tion due to the suppression of re-nucleation rate leading to a
transition of UNCD in to nanocrystalline and eventually to the
microcrystalline diamond phase. However, this effect was previ-
ously observed at higher substrate temperatures of =800 °C.['2l
In the present case, we have observed a similar trend in the
grain size evolution even at low (T = 450 °C) substrate tem-
peratures. More importantly, we were able to tune the diamond
grain size to =150 nm using 4.5% hydrogen into the Ar/CH,
gas mixture without the coarsening effect. This allowed us to
deposit NCD films by varying NCD film thickness without any
measurable change in the average grain size.

Based on our analysis of the growth conditions we concluded
that the Ar-rich method of growing NCD at low temperature is
more favorable for achieving NCD growth on GaN as opposed
to H, rich method. We succeeded not only in reducing the
total concentration of reactive atomic hydrogen in the growth
chamber but also slowed down reaction kinetics due to the
retarded surface diffusion process at low temperatures. Both of
these facts are important for achieving the high-quality NCD
growth on GaN without any adverse effects and for keeping the
GaN structure unaffected in an aggressive environment of the
diamond CVD process. In our Ar-based method the grain size
of the diamond can be controlled from 2-5 nm to 2-3 um by
varying the Ar/H, ratio in the gas phase. However, at higher
grain size (above 300 nm), the grain coarsening process starts
to dominate, which means that the grain size cannot be kept
constant with increasing film thickness. The initial characteriza-
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Figure 1. Top-view SEM images of two NCD films with different thick-
nesses: a) 150 nm and b) 300 nm. Note that in both samples the grain
size is =150 nm.

tion of the GaN substrate carried out using Raman spectroscopy
before and after the growth of NCD film confirmed that the
intrinsic structure of GaN was indeed well preserved and had
not changed during the diamond growth process.

The material characterization of NCD/GaN samples was per-
formed using the high-resolution field-emission scanning elec-
tron microscope (XL-30 FEG) operated at 30 kV. Figure 1 show
the scanning electron microscopy (SEM) images of NCD films
on GaN with two different thicknesses: a) 150 nm and b) 300 nm.
The images reveal that the grain sizes for both NCD films
with different thicknesses are on the order of =100 to 200 nm.
The latter signifies no grain size change with the change in
the thickness, which is not the case for microcrystalline dia-
mond (MCD). The thickness of NCD films was verified using
the cross-sectional focused ion beam (FIB) slicing and SEM
imaging as shown in Figure 2. A thin layer of Pt was depos-
ited locally on the NCD using FIB to obtain a much better edge
resolution by avoiding the redeposition during the FIB cut.

Raman spectroscopy was performed to assess annealing
induced damage that may have occurred in GaN during the
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Figure 2. SEM image showing FIB cross-section of the NCD/GaN sample
confirming the total thickness of NCD.

diamond deposition. Figure 3 shows the Raman spectra of a
GaN wafer before deposition of NCD layer and after deposi-
tion. It is clear that the main GaN peaks such as E, (high) at
565 cm™ and A;(LO) at 737 cm™! do not change. The spectrum
after NCD deposition also shows the characteristic signatures
of NCD deposited at lower substrate temperature. Previously,
Raman spectroscopy has been used extensively for characteriza-
tion of the diamond films and extraction of the sp®/sp? ratio.
However, in the case of nanocrystalline diamond, it is well-
known that due to the smaller grain size and increased grain
boundary volume, the visible Raman spectra is dominated by

GaN
i - -- GaN before NCD deposition
GaN after NCD deposition

NCD

Intensity (arb. units)

400 600 800 1000 1200 1400 1600 1800
Raman Shift (cm'1)

Figure 3. Raman spectra of GaN substrate before and after NCD deposi-
tion demonstrating no loss of GaN structure and quality after the dia-
mond deposition. The data were recorded under 632.8-nm excitation in
the backscattering configuration.
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Figure 4. NEXAFS spectra taken on NCD film grown on GaN indicating
the good quality diamond with the highly sp* bonding character. The
spectrum was acquired in the total-electron yield mode.

the sp? bonded carbon. It is explained by the larger Raman
scattering cross-section for sp? bonded carbon than that for sp?
carbon. For this reason it is difficult to determine the sp’/sp?
ratio in NCD quantitatively based on the Raman data alone. In
such case, the near-edge X-ray absorption fine structure spec-
troscopy (NEXAFS), which utilizes the synchrotron X-rays can
be used. Figure 4 presents NEXAFS data for our samples indi-
cating their quality. Unlike Raman spectroscopy, NEXAFS is
equally sensitive to sp® and sp? bonded carbon as well as other
bonding types. Since NEXAFS probes the local pertubed core-
shell density of unoccupied states, the spectra obtained from
the diamond and graphite are very different due to the distinct
structures of their unoccupied electronic states. The NEXAFS
spectra was taken in the total electron yield (TEY) mode with
an incident photon beam normal to the substrate. Appropriate
care was taken to correct for the signal resulting from carbon
contamination in the beam-line optics. In Figure 4, the Cls
NEXAFS spectra cleary shows the sharp diamond exciton at
289.3 eV due to the Cls—o* transition and a pronounced dip
at 302 eV due to the second band gap of diamond indicating the
high-quality sp® bonded diamond and a small peak at 285 eV
due to the Cls—m transition indicating a presence of the small
fraction of sp? bonded carbon at the grain boundaries. A small
shoulder at 287.5 eV is due to the 1s—6* resonance of the C-H
bond suggesting that the surface is mostly H-terminated.'314
The calculation of sp? fraction from the NEXAFS spectra yielded
a value of =99% confirming the high quality of NCD.

3. Thermal Measurements and Results

The thermal conductivity measurements of NDC/GaN sub-
strates were carried out using two different experimental
techniques: the transient plane source (TPS) technique (Hot
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Figure 5. Effective thermal conductivity as a function of temperature
for two NCD/GaN composite substrates and the reference GaN wafer.
The error bars represent the data scattering based on ten measurements
taken at each temperature.

Disk AB) and the “laser-flash” (Netszch LFA). Both techniques
have been calibrated with a home made 3-® method, >
which is considered to be a standard technique for measuring
the thermal conductivity of thin films. We have previously suc-
cessfully used the 3- setup for measuring the thermal conduc-
tivity of the ultra-nanocrystalline diamond (UNCD) films on
Si.l1>18] The TPS measurements have been used for UNCD and
MCD diamond films on Si.l' The details of the experimental
techniques and the measurement procedures are given in the
Experimental Section.

Figure 5 presents the effective thermal conductivity K.q(T)
as a function of temperature, T, for two NCD/GaN samples
with NCD films of different thickness. The term “effective” is
used to emphasize that the obtained value of the thermal con-
ductivity is for the composite substrate consisting of GaN wafer
and a layer of NCD. The K. value also includes the effect of
the 10-nm thick tungsten layer between NCD and GaN and
thermal boundary resistances (TBR) at all interfaces. The effec-
tive thermal conductivity value is related to the overall thermal
resistance Ry of the composite substrate as Rg = K./ Hy, where
Hr is the total thickness of the substrate.

For comparison, the thermal conductivity of the reference
GaN wafer measured by both the TPS and “laser flash” tech-
niques are also shown. One can see that the K values obtained
for the GaN wafer are in agreement, which attests to the
accuracy of our measurement procedures. The thermal con-
ductivity of GaN wafer was found to be K = 136 W mK™! at
room temperature (RT). This value is in agreement with lit-
erature.??) It is known that the thermal conductivity of GaN
strongly depends on its crystal quality and concentration of
defects and dislocations.?”! The monotonic decrease of K in
GaN bulk with T is characteristic for semiconductor materials
where thermal transport is limited by the crystal inharmon-
icity. In ideal crystals K is inversely proportional to tempera-
ture: K~ 1/T. However in GaN, the K(T) dependence is known
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to deviate from 1/T law owing to the acoustic phonon scat-
tering on defects.[2’]

On the other hand, the K.(T) dependence for NCD/GaN is
distinctively different. The effective thermal conductivity of the
NCD/GaN composite substrates increases with temperature
over the measured temperature range. This altered T depend-
ence in polycrystalline materials such as NCD can be explained
either by the conventional Callaway—Klemens approach, where
the dominant mechanism restricting the thermal transport is
the phonon scattering at the grains boundaries,?"?2l or by the
phonon-hopping model proposed by Braginsky et al. 2}l which
assumes that the phonon transport inside the grain follows the
“bulk rules” while at the grain boundaries, the phonon tran-
sition rate from one grain to another through an inter-grain
boundary increases with increasing T2l The TBR values also
rapidly decrease with increasing temperature.

The difference in the thermal conductivity temperature
dependence for the crystalline GaN and polycrystalline NCD
results in the thermal crossover point, where the effective
thermal conductivity of NCD/GaN composite substrate becomes
larger than that of the reference GaN substrate. The thermal
crossover point is reached at rather low T = 125 °C and further
shifts to a lower T'= 95 °C as the NCD thickness increases from
150 nm to 300 nm. This is an important observation, demon-
strating that although composite NCD/GaN substrates are less
thermally conductive than GaN at RT, they can become more
efficient for heat spreading at the operating temperature of the
state-of-the-art GaN based HFETs. A higher effective thermal
conductivity of the composite substrate translates to the lower
thermal resistance of the substrate, which is beneficial for heat
removal from active GaN devices.

Another important observation is that the effective thermal
conductivity of NCD/GaN substrates increases with increase
in thickness of NCD films, which is in contrast to what was
observed for UNCD)/Si substrates.” The latter can be attributed
to the higher thermal conductivity of NCD layer (K = 500-1400
W mK1)?*25] than that of GaN wafer itself (K = 130 W mK™1).[2¢]
This makes the effective thermal conductivity of the composite
NCD/GaN wafers increase with increasing NCD thickness.The
NCD films studied in this work have high thermal conductivity
because of the large grain size of these samples (D=100-200 nm).
On the other hand, UNCD (with the grain size D = 5-10 nm)
have very lower thermal conductivity, K = 10 W mK™1,125%7]
as compared to that of Si (K = 150 W mK1)1928] resulting in
the observed decrease in the effective thermal conductivity of
UNCD/Si with an increase in UNCD thickness.”!

In order to further analyze the physics behind the thickness
dependence, we estimated the thermal conductivity in our NCD
films using the Debye approximation, K = (1/3)C,v,0d, where
C; is the specific heat capacity, v, is the average phonon group
velocity, and 0 is the phonon mean free path (MFP) defined as
0 = 1,7, where 7is the phonon relaxation time.I””! The electronic
contribution to the thermal conductivity of NCD films can be
neglected because of their high electrical resistivity.*) In NCD,
the phonon MFP is limited by the grain size D. The simplest
method for estimating K of NCD is to use the reported values
of MFP and K in single-crystal diamond. Taking the MFP and K
in diamond to be Ap =240 nm and Kp = 2000 W mK™!, respec-
tively,3% we can write Kycp/Kp = D/Ap = 100 nm /240 nm = 0.42
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This leads to Kycp = 0.42 x 2000 = 833 W mK! at RT. This is
a rather high value due to the large grain size D in our sam-
ples. One can calculate K directly by taking the density and spe-
cific heat values to be 3.44 g cm~3[24 and 0.511 ] g7! K-1.B% The
group velocity can be assumed to be the same as the velocity
of sound in NCD and taken to be 17980 m s~1.12°] Alternatively,
it can be estimated from the equation v, = (Y/p)!/%, where Y is
the Young’s modulus, which is =1120 GPa for NCD,?* and p is
the mass density, which gives v, = 18 000 m s'. Using these
values, the lattice thermal conductivity of NCD with the large
grain size is calculated to be K= 1110 W mK™! at RT. Both esti-
mates agree, within the uncertainty of the material characteris-
tics, that the thermal conductivity of NCD with the grain size
D =100-200 nm is higher than that of GaN. The latter supports
our experimental observations.

4, Conclusions

We demonstrated the low-temperature deposition of the
high-quality nanocrystalline diamond films directly on GaN
substrates. The low deposition temperature allows one to
avoid degradation of the GaN quality. In order to improve the
thermal properties of NCD films we tuned the growth condi-
tions in such a way that the resulting films had the large grain
size of 100-200 nm. The transient thermal measurements
revealed that the composite GaN/NCD substrates are less ther-
mally resistive at elevated temperatures than the reference
GaN wafers. Our results suggest a new method for thermal
management of the high-power GaN electronic and optoelec-
tronic devices.

5. Experimental Section

The first experimental technique used for K measurements
was the transient plane source technique (“hot disk”). During the
measurements, a thin Ni heat-sensor encapsulated in a thin electrically
insulating Kaptan film was sandwiched between two pieces of the
sample under investigation. A short electric current was passed through
the sensor to generate a heat wave, which propagated into the samples.
The temperature rise in response to the dissipated heat was determined
from the change in the resistance of the Ni sensor, which depended
on the thermal properties of the surrounding sample. The temperature
rise versus time was used to extract the thermal conductivity from the
equation AT(IL = p(ﬂm r]()—l D(z) where 7 is the parameter
related to the thermal diffusivity @ and the transient measurement
time t,, through the expression 7 = (t,0./r?)'/? and r is the radius of
the sensor, P is the input power for heating the sample, and D(1) is a
modified Bessel function.B'l

The second laser-flash technique could give a value of the thermal
conductivity, which was interpreted an average cross-plane component
of the thermal conductivity tensor. During the experiment the sample
was heated with short light pulses using an adjustable xenon flash lamp
on one end. A contactless InSb IR detector measured the temperature
rise on the other end of the sample. The thermal conductivity was
estimated from expression K = apC,, where o is the thermal diffusivity
of the film determined in the experiment as o = 0.13922/151/2, ti2 is the
measured half-rise time of temperature, C, is the heat capacity, and p
is the mass density of the material. For the numerical analysis of the
experimental data several theoretical approaches were used including
the Parker, Cowan, and Clark-Taylor analysis.’"] These analysis curves
were plotted with the experimental temperature time rise in order to
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extrapolate diffusivity and correct the result for the heat loss to side-
walls of sample holder.
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