GARDY ORCA - Online Research @
CARDY® Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/136608/

This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:

Field, Daniel E., Cuenca, Jerome A., Smith, Matthew, Fairclough, Simon M., Massabuau, Fabien C-P.,
Pomeroy, James W., Williams, Oliver , Oliver, Rachel A., Thayne, Iain and Kuball, Martin 2020. Crystalline
interlayers for reducing the effective thermal boundary resistance in GaN-on-Diamond. ACS Applied
Materials and Interfaces 12 (48) , pp. 54138-54145. 10.1021/acsami.0c10129

Publishers page: http://dx.doi.org/10.1021/acsami.0c10129

Please note:
Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may
not be reflected in this version. For the definitive version of this publication, please refer to the published
source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made
available in ORCA are retained by the copyright holders.




[um—

10

11

12

13

14

15

16

17

18

Crystalline interlayers for reducing the effective

thermal boundary resistance in GaN-on-diamond
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ABSTRACT

Integrating diamond with GaN high electron mobility transistors (HEMTs) improves thermal

management, ultimately increasing the reliability and performance of high-power high-frequency
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RF amplifiers. Conventionally, an amorphous interlayer is used before growing polycrystalline
diamond onto the GaN in these devices. This layer contributes significantly to the effective thermal
boundary resistance (TBRefr) between the GaN HEMT and the diamond, reducing the benefit of
the diamond heat spreader. Replacing the amorphous interlayer with a higher thermal conductivity
crystalline material would reduce TBResr and help to enable the full potential of GaN-on-diamond
devices. In this work, a crystalline Alo32Gao.esN interlayer has been integrated into a GaN/AlGaN
HEMT device epitaxy. Two samples were studied, one with diamond grown directly on the AIGaN
interlayer and another incorporating a thin crystalline SiC layer between the AlGaN and diamond.
The TBRefr, measured using transient thermoreflectance, was improved for the sample with SiC
(30 =5 m? K GW!) compared to the sample without (107 + 44 m?> K GW!). The reduced TBRef
is thought to arise from improved adhesion between the SiC and the diamond compared to the
diamond directly on the AlGaN due to an increased propensity for carbide bond formation between
SiC and diamond. The stronger carbide bonds aid transmission of phonons across the interface,

improving heat transport.

INTRODUCTION

Gallium nitride (GaN) based high electron mobility transistors (HEMTs) are promising devices
for high-frequency, high-power amplifiers required for the next generation of communication
technologies !. These devices have excellent electrical properties such as high electron mobilities,
high saturation velocities, and high breakdown fields. These result from the intrinsic material
properties of GaN and the formation of a two-dimensional electron gas at the AlGaN/GaN
heterojunction interface. AlGaN/GaN HEMTs have been demonstrated operating at 20 W mm! in

the X-band 2. However, thermal management limits device performance; highly localized Joule
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self-heating at the drain edge of the gate degrades device reliability and performance °. As a result,
the devices used in commercial applications are often significantly de-rated with respect to the
highest reported power densities .

Devices fabricated on SiC substrates have improved high-power reliability and performance
compared to devices on Si and sapphire substrates. This is a result of SiC’s much higher thermal
conductivity of ~400 W m™ K-! # compared to Si (130 W m™! K™! %) and sapphire (40 W m™! K! ©)
at room temperature. Despite this, the output power density (or device lifetime) of GaN-on-SiC
HEMTs is still limited by their thermal management. Diamond has the highest known bulk thermal
conductivity (>2000 W m™! K™! at room temperature 7). Several GaN/diamond integration methods

have been pursued for improved thermal management & 12:

overgrowth of a diamond heat spreader
onto a device %; GaN growth on a diamond substrate ?; low temperature bonding of diamond wafers
to GaN '°. By far the most successful integration method begins with the removal of the growth
substrate, typically Si, and strain relief layers (SRL), followed by polycrystalline diamond growth
by microwave plasma chemical vapor deposition (MWCVD) onto the GaN backside "2, It is
imperative to minimize the thermal resistance between the GaN channel and diamond. If the
thermal resistance between the GaN and diamond is too large, this thermal bottleneck can negate
any benefit from using a high thermal conductivity diamond heat spreader !!. A seeding interlayer,
such as amorphous SiNy, is typically deposited onto the GaN. The SiNx has two purposes, to adhere
the diamond and to protect the GaN from the harsh environment in the diamond growth reactor
(Hz plasma, >700°C). The thermal conductivity of this interlayer, the thermal conductivity of the

diamond near to the nucleation layer (a result of the gradient in thermal conductivity of

polycrystalline diamond '%), and the strength of the interfacial bond are the biggest contributions
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to the thermal resistance across the GaN/diamond interface. The effective thermal boundary
resistance (TBRef) is a lumped term including all these contributions.

To maximize the benefit of using diamond heat sinks placed close to the transistor channel, the
TBResr must be minimized. The thermal conductivity of the amorphous SiNx interlayer is very low,
around 1-2 W m™' K™!' 1%, so generally TBResr reduction has been achieved by making this interlayer
as thin as possible. However, if too thin, the harsh diamond growth conditions can etch pinholes
into the GaN . Recently we have reported on the use of crystalline AIN as a seed layer for
diamond growth resulting in a TBRer as low as 16 m*> K GW™!, compared to typical values seen
for SiNx of ~20-25 m* K GW! 1817 This is due to the high thermal conductivity of bulk AIN, ~285
W m™ K!8 and good adhesion to the diamond. Earlier reports of direct diamond deposition onto
GaN have shown that, while depositing thin (~ 1 pm) diamond layers is possible they are not
strongly adhered and thicker films delaminate '°. This is likely due to the lack of strong carbide
bonds at the interface. Ideally, a crystalline AIN interlayer would be integrated into the device
epitaxy, just below the GaN channel 2°. This layer would act as an etch stop, allowing selective
etching of the SRL and part of the GaN buffer layer without damaging the GaN channel, as well
as a seed layer for subsequent diamond growth *!. However, integration of thin AIN or high Al
content AlGaN layers at this point in the epitaxy is challenging due to alloying with surrounding
layers. As a result of these issues, in this work a relatively low Al content crystalline Alo.32Gao.ssN
layer is used as the etch stop and interlayer. We demonstrate in this letter that whilst a direct growth
on this layer results in a relatively high TBRes, this can be much improved by depositing a thin

crystalline SiC layer in between the diamond and the Alp32GaosN layer.

EXPERIMENTAL METHODS
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AlGaN/GaN-on-Si high electron mobility transistor structures were grown by metal organic
chemical vapor deposition (MOCVD) with typical AlGaN strain relief layer (SRL). The samples
were obtained commercially, and full growth details are not available. An additional ~20 nm thick
Alo32GaoesN etch stop layer was introduced during growth within the GaN buffer layer, 750 nm
below the AlGaN/GaN channel. Two samples were prepared: 1) the structure was inverted via a
substrate transfer process, with the original top surface being attached to a Si handle wafer using
spin-on-glass (SOG) and polycrystalline Si, followed by removal of the original Si substrate using
chemical-mechanical lapping and reactive ion etching (RIE) processes %22, from now on referred
to as Sample 1; 2) a membrane based technique ?* was used to selectively remove small areas (@
0.5 mm) of the Si substrate, effectively forming GaN membranes, using a Bosch process, denoted
in the following as Sample 2. After removing the Si substrate for both Samples 1 and 2, a two-
stage dry etching process was used to reveal the AlGaN etch stop. Initially, a high power Clo/Ar
inductively coupled plasma (ICP) etch removed the majority of the SRL and GaN buffer. This
process is fully described in ref. 2'. The final ~200 nm of GaN buffer was removed by a Cl/N»/O>
ICP etch process, chosen for its AIGaN/GaN etch rate selectivity with a reduced power in order to
prevent damage to the I1I-nitride material **.

Diamond was grown on the backside of Samples 1 and 2 using a process similar to growth on
crystalline AIN; both samples were exposed to a N»/H» plasma flash (1.5 kW at 20 Torr with N»
concentration at 10% in a total flow rate of 300 sccm) for 10 minutes before seeding 6. Owing to
the fragility of the membranes, conventional ultrasonic seeding was not used and instead drop cast
seeding of a suspension of oxygen terminated detonation nanodiamond was carried out. Diamond
growth was then carried out by MWCVD in a CH4/Hz plasma at approximately 800°C (5.5 kW at

110 to 120 Torr with CH4 concentration at 3% in a total flow rate of 500 sccm), following the
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method in Ref 6. The diamond film of Sample 2 is ~35 um-thick, whilst a thinner film was grown
for the Sample 1 (<1 um). Unetched areas of Sample 2’s Si substrate, outside the membranes, were
sputtered by the H> plasma in the diamond growth reactor and deposited onto exposed areas of the
AlGaN layer; this provides a silicon source for SiC formation in the initial stages of diamond
growth. Sample 1 on the other hand had no exposed Si surfaces during diamond growth, meaning
that SiC could not form between the AlGaN and the diamond. The sample structures are depicted

in Fig. 1.

Diamond

GaN

Poly Si i
o cammmmll 5| D@mond Bs

Si Handle

Figure 1. Schematic structures of Sample 1 (a) and Sample 2 (b) following diamond growth and

transducer deposition

Scanning transmission electron microscopy (STEM) and energy dispersive x-ray spectroscopy
(EDS) was used to characterize the samples. TEM cross sections were prepared using a FEI Helios
Focus lon Beam milling with a Ga ion beam. Samples were imaged in a FEI Osiris microscope
running at 200 kV and at a beam current of 80 pA or an FEI Titan G2 running at 300 kV at a beam
current of 80 pA. EDS were taken using the SuperX EDS system utilizing 4 EDS detectors. All
data was analyzed using HyperSpy and the relative compositions determined using Cliff-Lorime

k-factors.

The samples were coated by thermal evaporation with 145 nm of Au on a 10 nm Cr adhesion
layer, used as a transducer for transient thermoreflectance (TTR) measurements. On Sample 1, the

metal was deposited on the diamond, whilst on Sample 2 it was deposited on the GaN (Fig. 1). A
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532 nm probe laser (spot size ~2 um) was used to monitor the reflectivity of the Au surface whilst
a 355 nm ns-pulsed pump laser (spot size ~85 um) was used to periodically heat the sample
surface 2°. The change in reflectivity of the surface is directly proportional to the temperature
change. This means the reflected intensity tracks the temperature change of the surface and the
normalized reflected intensity is equal to the normalized surface temperature change. By fixing
the known material properties, shown in Table 1, it is possible to obtain TBRess between the
diamond and the GaN by adjusting this as a fitting parameter. Fitting was carried out with an
adapted least squares global search algorithm 25, It was also necessary to fit the thermal boundary
resistance (TBR) between the transducer and the first layer for both samples and the thickness of
the diamond for Sample 1 between the limits of 500 nm to 1 um.

Table 1. Material properties (in and out of plane thermal conductivity, density, and specific heat)

used to solve the heat diffusion equations for fitting the TTR experimental data.

ki (Wm' K | g (Wm' K" | p(Kgm?) | ¢ (JKg' K"
Au 31727 Isotropic 19320 % 128 28
GaN 130 %° Isotropic 6150 % 490 3°
Diamond Near Nucleation 350 13 150 13
3515 % 520°!
Diamond Bulk 1500 13 1000 '3
Poly Si 2532 Isotropic 232033 700% 34
Spin-on-glassT 1.4% Isotropic 2200 28 1000

*Heat capacity used of bulk Si. "Spin-on-glass properties used were those of silicon dioxide.
Parameters are all given at 300 K with no temperature dependence assumed.

In addition to this experimental work, simulations were undertaken to estimate a theoretical
minimum limit for TBRef, called here TBRinertayer, for SiC, AIN, and AlxGa-x)N interlayers. This
value has been determined by summing the TBR of the two interfaces present (GaN-interlayer,

and interlayer-diamond), and the thermal resistance associated with heat conduction through the
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interlayer. The thermal resistance within the interlayer was calculated by first calculating the cross-
plane thermal conductivity of thin films of the layer using the grey approximation, i.e., taking a
single, mode-independent phonon velocity and phonon lifetime and using the Matthiessen rule for
diffuse boundary scattering . This allows for calculation of a thin film’s thermal conductivity as
a function of its bulk thermal conductivity and the film thickness 3’. For more detail, the reader is
referred to refs ® and 3. The thermal resistance of the film is then given by the film thickness
divided by its thermal conductivity. The TBR of the different interfaces was calculated using the
diffuse mismatch model (DMM) . In each case, the interface is assumed to be perfectly adhered
and neglects the contribution of the near nucleation diamond to TBReff, i.e. TBRinterlayer iS @
predicted lower limit value for TBRetr. The material properties used for these calculations are
shown in Table 2. For AlxGa(1-xN, these were calculated using the procedure set out in ref *° using

the bulk properties of AIN and GaN (Table 3). All calculations were carried out at 300 K.

Table 2. Material properties used for the calculation of TBResr for different diamond-GaN

interlayers.
Bulk Thgrmal Specific Heat | Density Average Phongn Debye
Conductivity JK 1 K'l) (K m'3) Group Velocity | Temperature
(Wm' K™ 8 8 (ms™) (K)
Diamond N/A N/A 351528 14.4x10° 1860 4
GaN 130 490 6150 5.4x10° 600
AIN 285 600 3230 7.8%10° 1150
6H-SiC 490 690 3210 9.1x10° 1200

Unless specified, properties retrieved from the NSM database.

RESULTS AND DISCUSSION
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The structure and composition of the GaN-on-Si wafer prior to etching and diamond growth are
shown in fig. 2. These show an 18 nm thick buried AlGaN interlayer below the 750 nm
AlGaN/GaN channel with an Al content approximately 32%, determined by EDS from the Al rich

region of the bottom of the layer.

b y axis (nm)
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Figure 2. TEM image of the initial stack (a). EDS map of the AIGaN interlayer (b).

Following etching and diamond growth, further TEM characterization was performed on sample
2 (Fig. 3). Fig. 3a shows a TEM image of Sample 2 following etching and diamond growth. The
area of the interface in Fig 3a, highlighted in red was investigated using EDS, with the results

shown in Fig 3c.
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Figure 3. TEM micrographs of the GaN/AlGaN/SiC/diamond sample (Sample 2). Panel a is an
image of the diamond-GaN interface, a diamond seed is highlighted in blue and a seedless area in
red. A SiC interlayer with lighter contrast, arrowed, can be seen between the diamond and the
AlGaN. Panel b shows an atomic resolution STEM image of the AlGaN-SiC interface. Panel ¢
shows an EDS line scan taken from the area highlighted in red in panel a showing GaN, AlGaN,

SiC, and diamond layers.

The scan shows that the selective etch successfully stopped on the AlGaN etch stop layer,
indicated by a spike in the Al content approximately 15 nm thick. The slight ~5 nm thickness
decrease of this layer is likely due to unintended etching during the selective RIE and diamond
growth. The EDS also confirms the presence of a 10 nm thick SiC layer, apparent in Fig. 3b as
areas with lighter contrast than the diamond. High resolution STEM indicates that the SiC/AlGaN
interface is crystalline (Fig. 3b). Further high-resolution STEM of the structure and fast Fourier
transforms of the images show that the SiC interlayer is hexagonal phase, either 2H or 6H SiC
(Fig. 4). In comparison, the interface of sample 1 after etching and diamond growth is shown in
Fig. 5a. The EDS scans (Fig. 5b and c¢) show that etch successfully stopped on the AlGaN etch
stop and that no SiC is present. Note that although the Al content of the AlGaN layer appears to
be lower for sample 1, this is relative to total composition and the two samples have very similar
Al to Ga ratios of ~25% Al at the diamond interface. The lowering compared to the as-grown wafer
(32%) may be a result of measurement error, small composition variation across the wafer, and

slight etching of the Al rich bottom region of the layer during the ICP etch. The AlGaN layer is

10
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pitted resulting in small voids at the interface with the diamond. This is likely induced by the harsh

diamond growth conditions in a manner seen previously with GaN and SiNx *°.

Figure 4. Atomic resolution STEM image of the SiC layer between the AlGaN and diamond in

Sample 2 (a) and Fast Fourier transform consistent hexagonal-SiC (b).

We propose that the SiC layer forms during diamond growth: the surrounding Si substrate is
sputtered onto the AlGaN when exposed to the microwave plasma before reacting with the
carbon species present in the plasma. This is enabled by the low diamond seeding density — a
result of the use of oxygen terminated nanodiamond seeds as opposed to hydrogen terminated
seeds ® and the use of drop casting rather than conventional ultrasonic seeding methods. We
note that with a high seeding density, the nanodiamond seeds would obstruct deposition of the Si
layer on the AlGaN, preventing SiC formation at this interface. This theory is supported by the
area highlighted in blue in Fig. 3a. Electron energy loss spectroscopy shows a high sp? carbon
content here (see supporting information), consistent with a nanodiamond seed layer, the outline
of which can be seen in the micrograph. This seed layer is very close to the AlGaN with little
SiC apparent between the two, consistent with the SiC forming after nanodiamond deposition
and thus during diamond growth. Formation of crystalline SiC during MWCVD diamond growth
is not a new phenomenon and has been reported for diamond growth on a Si substrate 1. Whilst

the SiC forming in this work is a result of the membrane fabrication technique, it is possible to

11
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form crystalline SiC layers in the MWCVD reactor before diamond growth by the introduction

of Si containing gases to the reactor 2,
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Figure 5. TEM micrograph, a, and EDS scans, b & ¢, of sample 1’s diamond-GaN interface. Panel
¢ shows the boxed section of b magnified. The EDS scan was taken from the area highlighted with

the red box in panel a.

Fig. 6a shows representative TTR traces for both samples. The different appearance arises
because of differences in the layer structure between the two samples (Fig. 1). Sensitivity analyses

of the fitting parameters used for Sample 1 and 2 are shown in Figs. 6b and 6c respectively. The

sensitivity to a parameter, (, is defined as S; = ‘;11—2? where R is the measured thermoreflectance
trace 3. These graphs show that the fitting parameters have peak sensitivities at different times,
i.e. they have sufficient independence for accuracy. Note, the diamond thickness was fitted for

sample 1 due to variations across the film of ~300 nm. Whilst TEM confirms the film is ~500 nm

thick in one location (Fig. 5a), some variation of thickness occurred across the sample.

12
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The thermal conductivity of polycrystalline diamond varies throughout the layer’s thickness,
increasing further away from the nucleation interface as the grain size increases “4*. To allow for
a direct comparison between samples with different diamond thicknesses, the following procedure
was used; the thermal conductivity of the thin diamond film of Sample 1 was fixed using the
calculations reported by Anaya et al. *3. This thermal conductivity value was then used for the
first 1 um of the nucleation interface of Sample 2, and the remaining bulk of the diamond layer
fixed at a higher value. These values are described as “Diamond Near Nucleation Layer” and
“Diamond Bulk” respectively in Table 1. Additionally, the anisotropic thermal conductivity of the

polycrystalline diamond was included in the analysis, based on the model reported by Anaya et al.
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Figure 6. Panel a shows representative measured TTR traces for GaN/AlGaN/diamond (Sample
1) and GaN/AlGaN/SiC/diamond (Sample 2). The solid lines show the fit for these traces whilst
the dotted lines show fits using one plus/minus standard deviation from the mean TBR.f. Panels
b and ¢ show sensitivity analyses for the fitted parameters for Samples 1 and 2.

Table 3 shows the parameters obtained from the TTR fitting. Sample 2, with the SiC layer, had

a TBRefr 0f 30 + 5 m? K GW- which is significantly lower than the 104 + 44 m? K GW-! value of

13
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Sample 1. The larger error bar in the fitted TBRess of Sample 1 reflects some material variation
across the sample surface. The SiC layer evidently improves heat transport across the
Alo32GaossN/diamond interface. Waller et al. have shown that a low TBRes can only be achieved
for a well bonded interface, with weakly bonded (van der Waals) interfaces acting as a low pass
acoustic filter *6. GaN does not readily form a carbide bond, resulting in poor adhesion to diamond,
whereas AIN is known to form a strong carbide bond resulting in good adhesion to diamond 6°,
It remains to be seen what the Al compositional threshold is at which AlGaN forms a strong carbide
bond to diamond. For the Alo32GaoesN considered here, the lower TBRess of Sample 2
(AlGaN/SiC/diamond) compared to Sample 1 (AlGaN/diamond) suggests that for these
compositions there is a benefit to include a SiC interlayer which promotes adhesion between the
AlGaN and diamond, therefore improving heat transport. For pure AIN or high Al content AlGaN,
it is unlikely the SiC would be needed.

Table 3. Mean values of fitted parameters from TTR traces.

TBRmetat (m> K GW!) | TBRer(m? K GW') | Diamond Thickness (nm)

Sample 1 74+13 107 + 44 643 + 85

Sample 2 71+£7 30£5 Not Fitted

Error bars from standard deviation obtained from multiple fitted traces

Simulation results of the contribution of the interlayer TBRe, called here TBRinterlayer, are shown
in Fig. 7a when using an interlayer of only AIN, SiC, or Alo32GaoesN, at a variety of different
thicknesses. In all cases, the theoretical minimum TBRinterayer is very small, < 4 m? K GW for
Alo32GagesN and < 2 m? K GW! for both SiC and AIN. Whilst these numbers are likely beyond
the practical limit, it does illustrate that there is room for optimization of the experimental

structures discussed earlier. The higher limiting value for Alo32GaoesN is a result of its much lower
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Debye temperature than diamond, indicating a poorer overlap of phonon density of states
compared to both AIN and SiC 4. This results in an increased TBR at the diamond interface.
Additionally, the thermal conductivity of the Alo32GaoesN is considerably lower than either SiC
or AIN due to alloy scattering, resulting in a more prominent dependence on the thickness of the
interlayer. This can be seen in fig. 7a as the TBRinterlayer Value does not begin to plateau until the
thickness is below 10 nm whereas, for both AIN and SiC, the thickness dependence of TBRinteriayer
is minimal with the limiting value being reached at ~30 nm. For AIN, the predicted TBRinterlayer IS
somewhat lower than experimentally reported value of 16 m? K GW-! for diamond on AIN seed
layers 8. This is likely due to the assumptions outlined earlier as well as a slight overprediction of
the thin film AIN thermal conductivity in this model.

The effect of Al composition on the calculated TBRinteriayer for a 20 nm thick interlayer is
examined in fig. 7b. Here, the total TBRinteriayer iS plotted alongside its constituent terms: the
interlayers’ thermal resistance (AlGaN Film) and the combined resistance of the TBRs of the two
interfaces (TBRpbwmwm). This graph shows how important a high Al composition is in reducing the
theoretical TBRinterlayer. AS the alloy becomes more AIN like, TBRpwmwm is reduced due to increased
phonon density of states overlap with the diamond and more similar Debye temperature (Table 3)
48,50 Additionally, the film resistance is reduced as the thermal conductivity of the layer begins to
increase sharply beyond 60% Al. Hence, the benefit of a high Al content AlGaN interlayer is two-
fold; first, higher Al content reduces TBRintriayer and, second, Al aids carbide formation and, the
formation of a good thermal interface with the diamond. The calculated TBRinteriayer Values for AIN
and SiC, and high Al (>60%) containing AIGaN compare very favorably to one of the lowest
TBResr values of 9.5(+3.9/-1.7) m? K GW-! measured for a 5 nm thick SiNx interlayer °1. Whilst

the calculated values are at the lower limit of what is experimentally achievable, one advantage of

15
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the crystalline interlayers is that low TBRef values can be achieved with considerably thicker
interlayers. If the interlayer is too thin it will not offer the necessary protection to the GaN during
diamond growth, resulting in pinholes forming and propagating through the GaN. These defects
are highly detrimental for device performance *°. The experimental work shown here indicates that
the thin SiC layer is relatively stable during diamond growth with no evidence of significant
etching, meaning it could offer better protection than SiNx. However, the low Al content AlGaN

appears to be readily etched and may suffer from similar issues to the SiN layers.

b
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Figure 7. In panel a, the left axis shows the calculated thermal conductivity of SiC, AIN, and

Alo32GagesN for different thicknesses calculated using the grey approximation. The right axis
shows the calculated TBRinterlayer using the different interlayers, combining the thermal resistance
of the layer with the calculated fundamental thermal boundary resistance using the diffuse
mismatch model. Panel b shows the same calculations but as a function of Al composition for a
20 nm thick AlGaN interlayer. The contributions to TBRinteriayer Of the film (AlGaN Film) and the

interfaces (TBRpwmm) are shown.
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Diamond has been grown directly onto an Alp32GaoesN interlayer integrated into a GaN/AlGaN
device epitaxy. For low Al content AlGaN interlayers it is shown to be advantageous to include a
SiC layer, which improves heat transport from the GaN into the diamond to achieve a low TBResr
(30 £ 5 m?> K GW™!), similar to the state-of-the art for SiNy interlayers of similar thickness. This
SiC layer is likely to increase the bond strength between the diamond and the GaN structure due
to increased carbide bonding. Calculations predict that single crystal SiC and AIN interlayers could
enable extremely low TBResr values, with the predicted lower limit these layers contribute being
less than 2 m> K GW™!. AlxGaqxN interlayers could also offer a route to low TBRes values (< 5

m? K GW™) particularly with high Al content (>60%).

SUPPORTING INFORMATION

EELS and TEM images of nanodiamond seed (PDF)
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