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ABSTRACT: GaN high electron mobility transistors (HEMTs) on SiC substrates are the

highest performing commercially available transistors for high-power, high-frequency 120
applications. However, Joule self-heating limits the maximum areal power density, i.e.,
operating power is derated to ensure the lifetime of GaN-based devices. Diamond is
attractive as a heat sink due to its record-high thermal conductivity combined with its high
electrical resistivity. GaN-on-diamond devices have been demonstrated, bringing the
diamond as close as possible to the active device area. The GaN/diamond interface, close
to the channel heat source, needs to efficiently conduct high heat fluxes, but it can present
a significant thermal boundary resistance (TBR). In this work, we implement nanoscale
trenches between GaN and diamond to explore new strategies for reducing the effective
GaN/diamond TBR (TBR.;). A 3X reduction in GaN/diamond TBR,; was achieved
using this approach, which is consistent with the increased contact area; thermal
properties were measured using nanosecond transient thermoreflectance (ns-TTR). In
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addition, the SiN,, dielectric interlayer between the GaN and diamond increased its thermal conductivity by 2X through annealing,
further reducing the TBR. This work demonstrates that the thermal resistance of heterogeneous interfaces can be optimized by
nanostructured patterning and high-temperature annealing, which paves the way for enhanced thermal management in future device

applications.

KEYWORDS: GaN-on-diamond, thermal boundary resistance, thermoreflectance, nanopatterning, thermal simulation

B INTRODUCTION

Ever increasing areal power density and device miniaturization
are required for the continued development of power and radio
frequency semiconductor electronics, electric vehicles, wireless
communications, and satellite communications.'™® Gallium
nitride (GaN) high electron mobility transistors (HEMTs)
have gained a significant market share in RF electronics due to
their high critical electric field, high electron mobility, and high
electron saturation velocity.' ® Emerging device technologies
such as fin field-effect transistors (FinFETs) are also receiving
increasing attention.”° Self-heating in GaN-based devices,
however, cannot be ignored; it occurs in the channel on a
submicron length scale due to Joule heat generation.'"'* If not
carefully managed, the resulting channel temperature rise can
reach >200 °C induced by high heat fluxes around the hot spot
location, which ultimately degrades performance and accel-
erates time to failure.'”"? Operating voltages, current, or areal
power density must be derated to mitigate this, preventing
GaN from reaching its ultimate performance potential.
Therefore, improving near-channel heat extraction in GaN-
based devices is critical to maintaining excellent performance
and ensuring a safe lifespan. Diamond is the ultimate heat
spreading material, having the highest thermal conductivity of
any bulk material. Diamond can be integrated as the substrate
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(GaN-on-diamond) or top side heat spreading coating
(diamond-on-GaN) within ~1 pm of the channel hot spot
to achieve an impressive reduction in thermal resistance.'*"®
Nevertheless, diamond integration can be improved further by
reducing the effective thermal boundary resistance (TBR.g)
associated with the GaN/diamond interface, which is known to
be a thermal bottleneck due to the tremendously high heat
fluxes close to the channel heat hot spot.'>'°

The integration of GaN and diamond can be achieved in
four ways: (1) growth of GaN on a diamond substrate; (2)
bonding between diamond and GaN; (3) growth of diamond
on the back side of GaN; (4) growth of diamond on the front
side of GaN."” As for the first two methods, the direct growth
of GaN on the diamond substrate typically requires a thick
AlGaN transition layer resulting in a high thermal resistance;
on the other hand, bonding techniques still faces challenges in
achieving good uniformity and robust bonding for large GaN-
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Figure 1. Process flow for patterning at the diamond/GaN interface (not to scale).

on-diamond wafers.'” Therefore, the direct growth of diamond
on GaN is considered to be the most scalable method:
Removing the Si substrate from a GaN-on-Si wafer, and
directly depositing diamond with a thin protective, adhesion
promoting SiN, or AIN dielectric layer.'”"®

The GaN/diamond effective TBR (TBR.) is a lumped
resistance including the TBRs of each interface, the thermal
resistance of the dielectric interlayer, and the diamond
nucleation layer. TBR 4 greatly depends on the quality of the
interlayer and the initial diamond nucleation. The direct
deposition of diamond onto GaN without any interlayer has a
high effective TBR because of the lack of carbide bond
formation."” van der Waals bonded interfaces can have a TBR
as high as 220 m? K/GW.20~23 Therefore, a dielectric layer
(SiN, or AIN) is commonly used to form a strong carbide
bond, enabling efficient phonon transmission across the
interface.”*™>° Phonon transmission may also be enhanced
by bridging the gap in phonon density of states between
diamond and GaN, e.g., using SiC, AIN, or SiN,
interlayers."*'®*” Thus, adding a dielectric layer can decrease
TBR¢.'**’ Previous reported measured GaN/diamond TBR 4
values vary widely depending on the interlayer material and the
diamond nucleation method; with an amorphous AIN or SiN,,
dielectric layer with <50 nm thickness, TBR ¢ can range from
5 to 100 m* K/GW,”' 7****7** dependent on the thickness of
the dielectric layer and its material quality.””*"** The GaN/
diamond TBR. is proportional to the thickness of the
interlayer, and extrapolating to 0 nm interlayer thickness (no
interlayer) reaches as low as 3 m® K/GW, similar to the
diffusion mismatch model (DMM) TBR prediction, which is
the minimum limit.'”*® However, in reality, this low value
cannot be reached because, as discussed previously, diamond
deposition without an interlayer will have weak adhesion
without a carbide forming interlayer. Furthermore, the
interlayer protects the GaN surface during the first stage of
diamond growth, preventing pin holes being etch into the
GaNj a minimum interlayer thickness is therefore required.””**

An alternative approach for reducing GaN/diamond TBR 4
is investigated here: Increasing the contact area between the
GaN and diamond. Densifying the interlayer by high-
temperature annealing to improve the TBR is also studied.
To achieve this, a corrugated pattern was fabricated at the
GaN/diamond interface, a dielectric interlayer deposited
followed by annealing before diamond deposition. The
GaN/diamond TBR.; is assessed by using nanosecond
transient thermoreflectance (ns-TTR). The GaN/diamond

interface nanostructures are observed by transmission electron
microscopy (TEM), and the interface composition is
determined through X-ray energy-dispersive spectroscopy
(EDS) mapping. The TBR,; improvement versus the contact
area is compared with thermal simulation results. Improving
TBR.s will contribute to the advancement of the next
generation of ultrahigh power density RF components by
overcoming a key interface thermal bottleneck.

B EXPERIMENTAL DETAILS

Sample Preparation. First, SiN,, films with thicknesses of 25 nm
or less were deposited onto unetched GaN/diamond wafers at 300 °C
using PECVD. These served as reference TBR benchmark and
assisted us to study how the SiN, TBR. is affected by SiN,
densification. Then samples were rapidly thermally annealed at 600,
800, and 1000 °C for 10 min under a N, atmosphere.

To fabricate the patterned surface illustrated in Figure 1, an ~50
nm-thick SiN, thin film was deposited using plasma-enhanced
chemical vapor deposition (PECVD) on a GaN/diamond wafer,
with a 750 nm thick GaN layer, to serve as a hard mask. A
poly(methyl methacrylate) (PMMA) layer was coated on top of the
SiN,; e-beam lithography was used to pattern trenches into the
PMMA layer; then the trench patterns were transferred into the SiN,,
using an SF plasma by reactive ion etching (RIE). The underlying
GaN was etched through the trenches in the SiN, hard mask using
RIE with Cl,/Ar plasma. The PMMA and SiN, layers were then
removed. Etched GaN trench widths were fixed as 100 nm and the
pitch width (the period of the pitch, i.e., distance from one trench
center to another trench center) was 800, 600, 500, 400, 300, and 200
nm. Numerous cells were created on the wafer, with each unit cell
featuring identical pitch patterns and etched trenches. The relative
contact area between GaN and diamond for the pitch widths of 800,
600, 500, 400, 300, and 200 nm is 1.75, 2, 2.2, 2.5, 3 and 4,
respectively (assuming 300 nm trench depth), with 1 denoted as
contact area for a planar unpatterned interface. A 10 nm PECVD SiN,,
layer was subsequently conformally deposited and rapid thermally
annealed at 1000 °C, followed by a 1 ym diamond thin film
deposition by microwave plasma-assisted chemical vapor deposition
(MPCVD).

Diamond was nucleated by immersing the sample in a nano-
diamond colloid solution containing particles with positive zeta-
potential under ultrasonic agitation, followed by drying with N,.*
The sample was mounted on a custom MPCVD sample holder to
regulate the sample temperature to ~700 °C using a Carat Systems
CTS6U at S kW and 160 mbar in a 3% CH,/H, gas flow at 300 sccm
for 1 h*® The substrate temperature was monitored using dual
wavelength pyrometry and calibrated using a silicon substrate of the
same thickness. It is worth noting that the diamond was deposited on
top of GaN to facilitate thermal measurements with high TBR
sensitivity. However, in practical applications, this nanopatterned
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Figure 2. (a) TBR_4 change of SiN, thin films deposited on GaN/diamond substrates before (deposited at 300 °C) and after rapid annealing (600
°C, 800 °C, and 1000 °C). (b) TBR4 of SiN, thin films with different thicknesses after 800 and 1000 °C annealing. The upper and lower bounds of

data points are based on the data fitting within confidence.
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Figure 3. (a) Normalized transient curves from ns-TTR measurements for the diamond/GaN/diamond samples with interfaces without a pattern,
with a 300 nm pitch pattern, and a 200 nm pitch pattern. The dots indicate experimental data, while the lines are the fitting results. (b) Sensitivity
analysis of ns-TTR measurements on diamond/GaN TBR.¢ In the sensitivity analysis, Ac, = 0.42 W/m K, thickness f¢, = 10 nm; Apgiamond = 200
W/m K, tgpgiamond = 850 nm; Agy, = 0.31 W/m K, thickness fgn, = 10 nm; the other parameters for sensitivity analysis are given in Table S2.

interface would only be applied between the backside of the GaN and
the diamond substrate, to avoid damaging the two-dimensional
electron gas (2DEG) close to the surface that forms the transistor
channel.

Thermal Characterization. The TBR values of annealed SiN,
and the nanopatterned diamond/GaN interface were measured using
ns-TTR. A 10 nm Cr adhesion layer and a 160 nm Au transducer
layer were coated onto the SiN,/GaN/diamond and the diamond/
GaN/diamond structure via thermal evaporation prior to the
measurement. The ns-TTR setup is similar to those in previous
reports, and its apparatus is shown in Figure S1.*' The 532 nm pulsed
pump laser heats the metal transducer layer with a pulse repetition
frequency of 8 kHz and a 3 ns pulse full-width-of-half-maximum
(fwhm). A polarizing beam splitter was used to split a 488 nm
continuous wave (CW) probe laser into a reference beam and another
beam reflected from the sample measuring the thermoreflectance
signal. Both beams were directed onto a balanced photodetector
having comparable path length, canceling out the noise signal with the
thermoreflectance signal remaining. The output signal was recorded
using an oscilloscope with a 1 us time window around the pulse;
65,534 waveforms were averaged per acquisition to improve the
signal-to-noise ratio (SNR). Each measurement was repeated three
times and averaged to further improve the SNR.

Since the waveforms were oversampled in the longer time scale
portion of the measured transient, a digital low pass filter was applied
with logarithmic time spacing to further improve the SNR. The
resulting transient curve was fitted by using a numerical solution of
the axisymmetric multilayer heat diffusion model. The thermal
conductivity of GaN was determined from the reference planar GaN/
diamond structures and then fixed for the analysis of subsequent
samples. The thermal properties of the materials in the SiN,/GaN/
diamond and the diamond/GaN/diamond structure are listed in

Tables S1 and S2 in the Supporting Information, respectively.

Sensitivities of interested parameters were calculated in the typical
way

_dnR

“ dna

(1)

where R is the normalized signal and « is the thermal property of
interest."’

B RESULTS AND DISCUSSION

Figure 2a shows how annealing temperature and SiN,
thickness affect the TBR.; of the reference (unpatterned)
SiN, thin films deposited on GaN/diamond substrates; a
detailed description of the analysis is given in the Supporting
Information. SiN, TBR.4 demonstrates a reduction by a factor
of 2 after rapid annealing at 800 °C, with a 1000 °C annealing
yielding no further improvement. Specifically, the TBR.gs of
the 22 nm SiN,, thin films were determined to be 51, 42, 25,
and 26 m* K/GW, as deposited at 300 °C and annealed at
temperatures of 600, 800, and 1000 °C, respectively. This is
consistent with previous observations that rapid thermal
annealing densifies SiN,, resulting in the formation of
stoichiometric Si;N,.*>*> The relationship between TBR.q
and SiN, thicknesses is shown in Figure 2b for samples
annealed at 800 or 1000 °C. For 800 °C, there is a linear
relationship between TBR.; and SiN, thickness, as expected
from previous studies: 5, 16, and 25 m*-K/GW at thicknesses
of 8, 13, and 22 nm, respectively. The thermal conductivity of
SiN, samples annealed at 800 °C is ~1.2 W/m K (averaged
from the three samples with different thicknesses), which is
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consistent with previous measurements of amorphous silicon
nitride thin films.>’ However, the TBR g of the SiN, annealed
at 1000 °C is more or less constant re;ardless of thickness,
with an average value of 22 m* K/GW.'”* This suggests that
the SiN, thermal conductivity decreased with reduced film
thickness after annealing at 1000 °C, and SiN, films thinner
than 22 nm degrade at this annealing temperature. Thinner
amorphous SiN,, films annealed at 1000 °C may develop more
material defects, likely due to diffusion, leading to increased
phonon scattering and reduced thermal conductivity. The
differing TBR ¢ dependence on SiN,, thickness at 800 and 1000
°C is attributed to variations in SiN, film material quality.
Building on the understanding of TBR 4 reduction through
SiN, densification by high-temperature annealing, we then
studied the impact of the nanopatterned interface on TBR 4
using the diamond/GaN/diamond structures. In this work, the
results with SiN, interlayer between top diamond and GaN
annealed under 1000 °C are reported, although the SiN,
interlayer with 8 nm thickness under 800 °C annealing has
the lowest SiN, TBR. However, the relatively high SiN,
TBR.¢ increases the sensitivity of the diamond/GaN TBR 4 in
thermal measurements, which is good for studying TBR.
change by the impact of nanopatterning. Figure 3a shows the
measured ns-TTR transients for diamond/GaN/diamond
structures with 300 and 200 nm GaN-trench pitch,
benchmarked against planar diamond/GaN/diamond struc-
tures. The temperature (proportional to reflectivity change)
decays more quickly for the patterned samples, indicating the
patterned interface does reduce the thermal resistance. Figure
3b shows the sensitivities of the TTR traces to the thermal
conductivities of the Au/diamond interlayer (Cr), the top
diamond film, and the diamond/GaN interlayer. The thermal
conductivity of the Cr adhesion layer, i.e., the Au/diamond
TBR, predominantly influences the fitting of the transient
curve from 10 to 40 ns. Meanwhile, the diamond/GaN
interface TBR ¢ is the dominant fitting parameter from 200 to
1000 ns, with at most 4X larger sensitivity compared to that for
the 1 ym diamond thermal conductivity; the fitting process is
described in the Supporting Information. Therefore, the fast
thermoreflectance decay in the 200—1000 ns time frame
indicates that TBR. is reduced for the patterned interfaces.
TEM and EDS were used to investigate the microstructure
and composition of the patterned interfaces. Cross-sectional
lamella were produced by ThermoFisher Scios 2 DualBeam
focused ion beam (FIB) milling from the sample with a 200
nm pitch. A 30 kV, 30 nA, and 30 kV, 15 nA chunk cutting
sequence was used, followed by cleaning at 30 kV 3 nA and 30
kV 50 pA, thinning of the lamellae at 30 kV 0.5 nA and 30 kV
0.3 nA, and polishing at 5 kV. Cross-sectional micrographs
were obtained in a Philips CM30 transmission electron
microscope, with a voltage of 300 kV. EDS mapping was
performed in a JEOL TEM with a voltage of 200 kV. More
details are supplied in the Supporting Information. Typical
diamond/GaN interfacial regions are illustrated in Figures 4
and S3, showing the 200 nm pitch, with a trench depth of 320
nm, in reasonable agreement with aimed 300 nm. The GaN
trench bottoms are rectangular, but the side walls are slightly
concave, making trenches somewhat wider at the top than at
the bottom. Trenches filled only between ~20 and 80% with
diamond, ie., voids are present in the diamond. During
MPCVD, the diamond seeds toward the top of the trenches
coalesce, limiting growth at the bottom of the trenches due to
the high aspect ratio of the trenches. EDS mapping in Figure

Diamond
4

Figure 4. Cross-sectional transmission electron microscopy (TEM)
micrograph of the diamond/GaN/diamond structure. The GaN
trench bottoms are rectangular, but the side walls are concave, making
trenches wider at the top than at the bottom. The diamond generally
does not fully fill the GaN trenches, with voids near their bottom
region. See Figure S3 for other examples.

S4 in the Supporting Information showed that the SiN, thin
film is approximately 10—20 nm thick, uniformly across the
trenches, i.e., there was conformal SiN, deposition.

Figure S shows the measured diamond/GaN TBR 4 values
for different pitch widths. In the cross section, the ideal
interface contact area per period of the patterned structure is A
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Figure 5. Measured diamond/GaN TBR as a function of pitch
width/ideal contact area; the upper and lower bounds of points are
based on data fittings ns-TTR measurements. The TBR.4 of the
planar and 200 nm pitch samples were measured at 2 and 3 different
locations, respectively, and the upper and lower bounds included
represent the standard deviation of the fitted TBR g; other samples
were measured at a single location and the bounds are from single-
point data fitting within confidence. The measured TBR. is
compared with finite-element thermal simulation predictions,
considering trenches fully filled with diamond and partially filled
(50%).
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Figure 6. Finite element simulation of diamond filled GaN trench: (a) Diamond/GaN/diamond multilayered structure; pitch width considered is
200 nm; steady-state heat flux in (b) fully filled GaN trenches and (c) 50% filled trenches; stress due to mismatch of thermal expansion in (d) for
fully filled trenches and (e) for S0% filled trenches. The scale bars are 100 nm. The maximum principal stresses are pointed out by arrows in (d)
and (e). The highest value in the color bars in (d) and (e) may reflect simulation artifacts at vertices.

=1 + 2d, where [ is the pitch width and d is the trench depth.
However, the area is simply [ for the unpatterned interface.
The upper limit for the ratio of interface contact increase is
therefore (I + 2d)/I from patterning. Smaller pitch widths
correspond to a larger contact area between the top diamond
and GaN through the interfacial densified SiN,; we normalized
the ideal nominal contact area based on the unpatterned planar
area (shown as 1 on the x-scale); then the relative interface
contact areas are 1.75, 2.0, 2.2, 2.5, 3.0, and 4.0 if assuming
ideal rectangular trenches and 300 nm trench depth, for
pitches of 800, 600, 500, 400, 300, and 200 nm, respectively.
Nanopatterning of the interface clearly provides great benefits
in enhancing heat transport from the diamond into the GaN
and vice versa. The TBR 4 values decrease from 101 m?> K/GW
for the planar interface to 39 m* K/GW for the interfaces with
pitches of 200 nm, a decrease by a factor of 2.6X with a nearly
4-fold increase in contact area (200 nm pitch); this is despite
the presence of voids in the diamond. There is a clear trend of
decreasing TBR ¢ with an increasing contact area.

Based on the TEM images in Figures 4 and S3, we can
roughly estimate the actual interfacial contact area, considering
the presence of voids. The diamond grains initially grow on the
sidewalls of the GaN trenches and can partially or fully fill half
of the trenches. As a result, diamond contacts the upper part of
the trench sidewalls, to a depth of between 50% and 80%. In
the worst-case scenario, where the diamond only fills the upper
50% of the trench sidewalls, the reduced cross-sectional
contact area is A, quceq = | + 2d/2 — w, where w is the trench
width. Taking the designed trench depth and width of 300 and

100 nm, respectively, the calculated ratio for the contact area
increase, with respect to the unpatterned interface, for the
pitches of 800, 600, 500, 400, 300, and 200 nm are 1.25, 1.33,
1.40, 1.50, 1.67, and 2.00, respectively. However, the best
measured TBR ¢ reduction is 2.6X, suggesting that on average
the diamond fills >50% of the trench sidewalls in practice.

To estimate the impact of the voids, a steady-state finite-
element thermal simulation using Ansys was employed. The
simulation modeled a 2-dimensional multilayered unit cell
under a periodic boundary condition with a diamond/GaN/
diamond structure where GaN is etched in the ideal
rectangular shape. A small heat flow was applied to the top
diamond surface, and a fixed temperature boundary was
applied to the bottom of the diamond substrate. The averaged
temperature difference AT between the bottom of the
diamond thin film (T,,) and the top of the GaN trench
(Thotom) Was calculated to obtain the effective diamond/GaN
TBR. Applying Fourier’s law, TBR 4 = A X AT/P, where A =
pitch width X cell thickness represents the area of the interface
perpendicular to the cross-plane direction in the studied cell of
the thermal model and P is the total heat power across the
interface in the thermal model.”* The material properties
determined from the ns-TTR data analysis were used, as listed
in Table S2.

Assuming a 50% voiding and idealized trench shape,
illustrated in Figure 6a, the TBR predicted by the finite-
element model is close to the measured trend versus contact
area, reducing by 2.6X for the 200 nm sample with respect to
the planar sample. Simulating the diamond/GaN TBR for
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trenches completely filled with diamond overestimates the
experimentally measured TBR ¢ reduction; this represents the
limiting case where contact area is inversely proportional to
pitch, up to a 4X reduction. As illustrated in Figure 6, the heat
flux from the steady-state thermal simulations for the fully filled
and partially filled diamond/GaN pitches is compared in parts
(b) and (c), respectively. The heat flux is concentrated at the
top and bottom corners of the GaN trenches in the steady-
state thermal models. In a previous study, the TBR. of
nanopatterned diamond/Si interfaces was found to be
inversely proportional to the contact area (the diamond/Si
TBR. decreased by 65% following a 69% increase in contact
area).”” Previous simulations of GaN/SiC, Al/GaN, and Al/Si
nanopatterned interfaces also represented a TBR reduction
proportional to the increased contact area."*™" However,
another reported diamond/Si sample with a 200 nm pitch
width, 100 nm trench width, and 100 nm trench depth showed
only a 26% TBR decrease, which was significantly lower than
what is observed here. Thus, achieving a controlled TBR
reduction through contact area adjustment can be challenging
in experimental nanopatterning. The TBR¢ in this GaN-on-
diamond work represents a greater reduction than the results
in previous reports.”” It is noted that the previously
experimental results, e.g.,, on diamond/Si structures, primarily
focused on engineering corrugated interfaces, but the
investigated structures are not particularly suited for practical
GaN-based electronic applications. In comparison, this work
furthermore determines the trend experimentally related to the
GaN/diamond interfacial contact area, providing insights more
directly relevant to the thermal management in GaN-based
electronics applications with nanostructured interfaces. This
aspect, particularly concerning future applications with ultra-
high thermal conductivity diamond substrates, has not been
fully studied before.

Although significant TBR 4 reduction was achieved despite
the voids in diamond, there may be a risk of fracture due to the
thermo-mechanical stress at the corrugated diamond/GaN
interface. We explored the stress in a 2-D Ansys finite-element
model with periodic boundary conditions. The coefficients of
thermal expansion, elastic modulus, and Poisson ratio of GaN,
diamond, and SiN, were taken from literature.***’ Isothermal
thermo-mechanical stress was simulated for both diamond
filled trenches and trenches with voids in Figure 6d,e,
respectively, assuming that the structure is relaxed at the 700
°C diamond deposition temperature and then cooled to room
temperature; the maximum principal stress is as displayed,
which is the typical failure criteria used for brittle materials
which fracture.

As shown in Figure 6, the maximum principal stress for both
fully diamond-filled and 50% diamond-filled GaN trenches is
concentrated at the top corners of the GaN and the bottom of
the diamond within the trenches. In fully filled trenches, the
averaged stress at the GaN corners is 387 MPa over a 3 nm X 3
nm area (to avoid artificially high stress at corner vertex), while
in partially filled trenches, this value decreases slightly to 368
MPa. This suggests that the GaN in partially diamond-filled
trenches experience marginally lower thermal stress compared
to the GaN in fully diamond-filled trenches, but both stress
levels remain well below the tensile strength of nanostructured
GaN (4—7 GPa).”® Moreover, the stress distribution at the
bottom of the diamond (within the GaN trenches) also differs
between the two cases, averaging around 400 MPa in fully
filled trenches and approximately 790 MPa in partially filled

trenches. Despite the higher induced thermal stress in the
diamond of partially filled trenches, it is far below the
compressive strength of CVD diamond, which exceeds 100
GPa."”*" In conclusion, nanopatterning with trenches does not
induce significant thermal stress-related damage during
MPCVD, regardless of the trench filling level, but the TBR 4
reduction is still significant.

The TBR ¢ of GaN/diamond can vary significantly, ranging
roughly from 5 to 100 m*-K/GW, depending on the interlayer
quality between diamond and GaN, although the intrinsic TBR
of the GaN/SiN,, and SiN,/diamond interfaces can be as low
as 3 m* K/GW (formation of strong covalent bonds between
these materials).'*'®*" In this work, the high TBR.¢ of the
diamond/GaN planar interface might be attributed to poor
contact between the diamond and SiN, during diamond
growth, which could be due to insufficient diamond nucleation
or imperfect seeding density. Furthermore, TBR ¢ reduction by
nanopatterning due to a contact area increase might be
impeded by other factors other than voiding. First, simulations
have shown that different trench shapes can slightly affect the
TBR. The triangular trench shape leads to a higher TBR
because of the less contact area compared to the rectangular
shape.”® Furthermore, the high aspect ratio for narrow
trenches, e.g, with 100 nm trench width, might limit the
maximum diamond grain size achievable, ie., reduce the
thermal conductivity of the diamond, resulting in a higher
effective TBR. Therefore, efficient TBR reduction in nano-
patterning might be further improved by further optimizing
trench shapes and more optimized aspect ratio of the trenches,
in addition to an improved diamond filling of the trenches
during growth.

Bl CONCLUSIONS

Self-heating in GaN-based electronics poses a significant
obstacle to their use in high-power and high-frequency
applications. Diamond has been applied as a substrate to
GaN electronics due to its record-high thermal conductivity.
However, optimizing GaN/diamond TBR. is crucial for
efficient heat dissipation in the devices. Previous research
focused on modifying the dielectric layer between GaN and
diamond, but controlling the TBR has proven to be
challenging. In this work, we verified a TBR reduction by a
factor of 2 by high-temperature annealing of the SiN, dielectric
interlayer. Subsequently, we showed that nanopatterning of the
diamond to GaN interface can provide major advantages for
TBR. By reducing the pitch width, the diamond/GaN effective
TBR scaled approximately inversely with interfacial contact
area, achieving TBR ¢ reduction by a factor of 2.6X when the
interfacial contact area was increased 4-fold; this was despite
the trenches not being fully filled with diamond, and an even
greater improvement is possible when fully filling the trenches.
Principal stress in GaN, which has a relatively low tensile
strength, was simulated to be comparable to or slightly lower in
the partially filled diamond/GaN pitches, indicating that
thermal stress is not a concern while maintaining the
substantial TBR.¢ reduction achieved with the nanopatterned
interface. This work provided a possible solution for the
thermal and mechanical management in GaN-on-diamond
devices, to be implemented in device applications in the future
work.
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