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Abstract: Diamond has the highest thermal conductivity of any natural material. It can be used to
integrate with GaN to dissipate heat from AlGaN/GaN high electron mobility transistor (HEMT)
channels. Much past work has investigated the thermal properties of GaN-on-diamond devices,
especially the thermal boundary resistance between the diamond and GaN (TBReff pia/Gan)- How-
ever, the effect of SiN, interlayer structure on the thermal resistance of GaN-on-diamond devices
is less investigated. In this work, we explore the role of different interfaces in contributing to the
thermal boundary resistance of the GaN-on-diamond layers, specifically using 100 nm layer of SiNy,
80 nm layer of SiNy, 100 nm layer of SiN, with a 20 nm x 20 nm periodic structure. Through com-
bination with time-domain thermoreflectance measurement and microstructural analysis, we were
able to determine that a patterning SiNy interlayer provided the lower thermal boundary resistance
(32.2 + 1.8 m>KGW 1) because of the diamond growth seeding and the diamond nucleation surface.
In addition, the patterning of the SiNy interlayer can effectively improve the interface bonding force
and diamond nucleation density and reduce the thermal boundary resistance of the GaN-on-diamond.
This enables significant improvement in heat dissipation capability of GaN-on-diamond with respect
to GaN wafers.

Keywords: GaN-on-diamond; thermal boundary resistance; patterning; microstructure

1. Introduction

Gallium nitride (GaN)-based semiconductor materials have the advantages of large
band gap and high carrier mobility. The GaN has a wide range of applications in high
frequency, high temperature, high power devices and circuits. With increasing power
density and the decreasing size of GaN-based electronic power devices, heat dissipation
has become a key problem for practical applications [1-5]. However, the traditional package-
level heat dissipation technology can alleviate the heat dissipation of the device to a certain
extent. However, the GaN HEMT structure is usually heteroepitaxially grown on substrates
such as silicon (Si) or sapphire and silicon carbide (SiC). Limited by the low thermal
conductivity of the substrate material and the high defect density of the GaN nucleation
layer, the heat dissipation technology at the package-level cannot fundamentally solve
the heat dissipation problem of the device [6-9]. However, the heat will be concentrated
in a few discrete locations within submicron length scales and result in an increase in
the device temperature, which will severely limit the reliability and performance of the
devices [10-13]. Therefore, it is necessary to start from the internal structure of GaN devices
to fundamentally solve the heat dissipation of GaN devices. Traditional substrates, such
as SiC, sapphire and silicon, cannot easily meet such a heat dissipation requirement. The
important parameters of the devices are highly dependent on the thermal management
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technology of the device, such as gain, saturated power and maximum frequency. Therefore,
it is very important to replace traditional GaN substrates with the substrate materials
that the substrate with the property of high thermal conductivity and high insulation
properties plays an important role in fully exploiting the potential capabilities of the GaN
devices [14,15].

Diamond is a new generation of ultra-wide bandgap semiconductor material, which
has a series of advantages such as large band gap, high thermal conductivity, high carrier
mobility, high saturation velocity, high hardness and good chemical stability. The thermal
conductivity of single crystal and high-quality polycrystalline diamond can be as high as
2000 W/m-K or more, which is the highest thermal conductivity among natural materials
known so far. The thermal conductivity of diamond is four to five times that of copper and
silver, and it is also four times greater than that of silicon carbide. Therefore, the application
of diamond to devices and chips is of great significance to solve the heat dissipation
problems of existing devices and chips. In order to avoid a rise in temperature of GaN
devices, the diamond grown on the GaN surface by chemical vapor deposition has been
reported [16-18]. The simulated thermal boundary resistance of GaN-on-diamond sample
is relatively lower compared to HEMTs on GaN/Si substrates [19]. The areal dissipation
density of the GaN-on-diamond structure is more than three times higher than that of
the conventional substrate [7,8,16]. However, GaN is wurtzite structure, while diamond
has a cubic structure, the two crystal structures are different. This results in a huge lattice
mismatch between the GaN and diamond. In addition, the thermal expansion coefficients
of GaN and diamond are quite different; there is a serious mismatch between thermal
expansion coefficients and lattice constants of GaN and diamond. Therefore, an interlayer is
added between GaN and diamond to alleviate thermal and lattice mismatches. At present,
in the research on the integration of diamond and GaN HEMT to solve the heat dissipation
of the device, the more researched technology is peeling off the prepared GaN HEMT
from the original substrate and bonding on the diamond substrate. Another method to
directly epitaxial polycrystalline diamond on GaN-based semiconductors is to solve the
heat dissipation of GaN-based semiconductor materials. However, the growth of diamond
requires high temperature and strong plasma, and there are also problems such as lattice
mismatch and thermal mismatch, which make it difficult to achieve hetero-integrated
epitaxy of diamond and GaN-based semiconductor materials. Therefore, the SiN, film
is introduced as the interlayer to relieve the problems of thermal expansion coefficients
and lattice mismatch between the GaN and diamond. The SiNy film also protects the
surface of the GaN from the harsh diamond growth conditions. The thermal resistances
of the diamond nucleation layer and the interlayer are the key to the thermal boundary
resistance of GaN-on-diamond devices. The large thermal boundary resistance comes
from the low thermal conductivity and amorphous nature of the SiN, interlayer (SiNy
approximately 1 W/m:-K). In addition, the scattering of phonon at the grain boundaries of
the diamond nucleation layer and the interface of SiN,/diamond also reduce the phonon
mean free path. Much previous work has focused on measuring the characterization
of the thermal boundary resistance between the GaN layer and the diamond substrate
by thermoreflectance techniques [8,20-24]. Luke et al. [8] explored the effect of different
interlayer materials on the thermal boundary resistance of the GaN-on-diamond structure
interface. The AIN and no interlayers samples were observed in the larger TBR as a
result of a harsh growth environment that roughened the interface. Sun [21] et al. can
significantly reduce the thermal boundary resistance by decreasing the SiNy layer thickness
and minimizing the diamond nucleation region. Liu [22] reported that GaN-on-diamond
with good microstructure, thermal properties and stability can be obtained by using a
diamond seed crystal with a smaller particle size. The above studies provide new ideas
for reducing the thermal boundary resistance. However, there are few reports on the
effect of SiNy interlayer periodic microstructure on the thermal boundary resistance of
GaN-on-diamond devices.
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In this work, the effect of the periodic pattern of SiN, interlayer on the thermal
boundary resistance of GaN-on-diamond devices is investigated. Using semi-classical
phonon transport theory, the effect of SiN interlayer microstructure on thermal boundary
resistance of GaN-on-diamond devices is predicted by considering the scattering of phonons
at defects and interfaces. The purpose of this study is to better understand the interfacial
layers and structure design of the SiNy interlayer, which play a significant role in enhancing
thermal transport in GaN-on-diamond devices through decreasing TBRe pia/Gan Of the
interface.

2. Experimental Details

A 2 pum polycrystalline diamond films are deposited on two standard GaN-on-Si
wafers, which are derived from commercially available wafers. To protect the GaN surface
from the plasma chemical vapor deposition environment, a SiNy interlayer is deposited
on the GaN surface before the diamond deposition. In order to avoid being partially
etched in plasma, the thickness of SiNy layer was increased to 100 nm (make sure it is
compact and crackless). The substrates were ultrasonically cleaned with acetone and
ethanol for 5 min successively, then rinsed with deionized water. The SiN, interlayer
was deposited by using radio frequency (RF) magnetron sputtering. After that, one of
the SiNy interlayer surfaces is prepared as a periodic structure by inductively coupled
plasma etching (ICP) combined with a precise mask control method, and the periodic
structure is 20 nm cubic pits with the step length of 20 nm, as shown in Figure 1b. The ICP
etching process parameters are shown in Table 1. The other SiN, surface is untreated. In
addition, an 80 nm thick SiNy interlayer is prepared as a comparative sample. It is used to
analyze the effect of periodic structure on SiN, thickness reduction. Henceforth, they are
referred to as samples SiNy(orig), SiNy(peri) and SiN, (80 nm), respectively. Subsequently,
to achieve a high nucleation density of diamond, three samples are ultrasonically soaked in
nanodiamond solution for a few seconds as seeding (grain size ~5 nm). Then the samples
are washed in deionized water and dried. After abrasion, the diamond seeds were actually
embedded in the SiNy layer. Finally, a polycrystalline diamond layer with a thickness of
about 2 um is grown on the surface of GaN/SiNy by microwave plasma chemical vapor
deposition (MPCVD) system (MPCVD is a self-made quartz bell structure, MPG-2050C,
5 kW, USTB, Beijing, China). The surface morphologies and cross-section morphologies
of the deposited diamond films were observed by scanning electron microscopy (Quant
FEG450, FEL Hillsboro, OR, USA) and transmission electron microscopy (JEM-2100F, JEOL,
Tokyo, Japan). The adhesion between diamond and gallium nitride was evaluated using a
micro-scratch tester (WS-2005, Lanzhou Institute of Chemical Physics, Lanzhou, China).
The indenter used in the micro-scratch test is a diamond indenter with a cone angle of 120°
and a tip radius of 0.2 mm. The continuous linear loading is 0-20 N, and the loading speed
is 0.3-0.6 N/min.

(a)

Figure 1. Schematic of the GaN/SiNy, (a) Original structure, (b) Periodic structure.
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Table 1. SiNy etching process parameters.
. Chamber
Material ICP/W RE/W 0,/Sccm Ar/Sccm SF6/Sccm
Pressure/Pa
SiNy 100 10 1 5 10 10

To analyze the thermal properties of the resulting diamond /SiN, /GaN structure, a
time-domain thermoreflectance technique is used, which first deposited a 100 nm thick
aluminum film on the diamond by electron beam evaporation. The aluminum film not
only acts as a transducer layer, but also acts as a sensor layer in the time-domain ther-
moreflectance (TDTR) technology, absorbing the energy of the pump laser to reflect the
temperature change [6-8]. The above experimental procedures have been described in
published articles [9]. More technical details and experimental parameter settings are
given in ref [6,7,21]. Hui and Tan reported on the transmission-line axis-symmetric ther-
mal transport model, the analysis of heat reflection data, and the extraction of thermal
parameters [21]. For simplicity, the thermal boundary resistance between Al transducer
and diamond is TBRef Metal /Dias and the thermal resistance of SiN is included in the thermal
boundary resistance between diamond and GaN, and it is called TBRe¢ pia/GaN-

3. Results and Discussion

Figure 2 shows the normalized thermal reflectivity and the sensitivity of each parame-
ter for the samples. The three samples were deposited under the same growth conditions.
Figure 2a shows that the thermal signal of the periodic structure of SiN, sample changes
faster with time, implying faster heat transfer. Figure 2b shows that the thermal properties
of each structure contribute differently to the results. Thermal diffusion through each layer
affects the reflectance changes (surface temperature) recorded at different time scales. It
can be seen that the TBR ;5 /GaN(TBReff dia/Gan) and kg, are the most sensitive. The results
show that the structure can obtain accurate TBRe gia/Gan by the amplitude signal of TDTR.
In addition, the accuracy of kg, has a greater impact on the accuracy of the Ry, /Gan test
values because kg, has the greatest sensitivity, while other parameters have less effect on
the accuracy. It also means that the amplitude sensitivity of Ryia/can and kg;, does not
change much if either value of Ryj,/Gan is suitable for our measurement data. A more
detailed analysis of sensitivity is reflected in a previous report of Jia et al. [9]. To calculate
the thermal boundary resistance of the GaN-on-diamond, it is first necessary to obtain
the thermophysical parameters of each layer used in the TDTR analysis data, as shown in
Table 2. In addition, the required value of Ra1/4ia (TBRA1/dia) and Rgan/si (TBRGan/si) can
be found in Reference [9].
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Figure 2. (a) Normalized heat reflection signal as a function of time, (b)sensitivity analysis of various
parameters of TDTR for GaN-SiN,-diamond.
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Table 2. Fixed parameters for different materials in the sample.

Layer Al Diamond GaN Si
Thickness (nm) 100 2000 2000 500,000
Thermal conductivity (W/m-K) 237 * fitted 130 * 148 *
Specific heat (J/kgK) 896 * 500 * 430 * 700 *
Density (kg/m?) 2700 3500 6150 2330

* The data in the table are obtained from Refs. [25-29].

Table 3 shows the extracted average TBR¢f pia/Gan 0f GaN-on-Diamond with different
structure SiNy layers. The results show that the TBR¢ pia/can Of the GaN-on-diamond
with SiNy(orig) interlayer is 40.5 £+ 2.5 m?KGW™1, and with the SiN(Peri) interlayer is
32.2 + 1.8 m?KGW !, with the SiNy(80 nm) interlayer is 38.8 & 1.5 m?KGW !, respectively.
A previous 21 report showed that reducing the TBR of the GaN-on-Diamond from 50 + 5
to 12 m>KGW ™! can be obtained by reducing the thickness of the SiNy layer and the
diamond nucleation layer. Zhou et al. [6] and Luke et al. [8] explore the role of different in-
terfaces in contributing to the thermal resistance of the interface of GaN-on-diamond layers,
specifically using 5 nm layers of AIN, SiNy, or no interlayer at all. They achieved thermal
boundary resistance values of less than 10 m2KGW ! with 5 nm SiN, interlayer. From this,
it can be seen that reducing the thickness of the interlayer and the diamond nucleation layer
can effectively reduce the TBR of the GaN-on-diamond. However, the literature reports
that the limit of the TBR is close to 5.5 m>KGW !, when considering the contribution of the
diffuse mismatch model (DMM) theory and SiN, thermal conductivity [6,30,31]. In contrast,
only considering the mismatch between GaN and diamond, the TBR is 2 m*KGW ! [24].
This means that the DMM theory and SiN, thermal conductivity contribute more than
50% to the TBR of the GaN-on-diamond. Therefore, improving the phonon scattering
mismatch of the SiNy intermediate layer is an effective entry for reducing the interface
thermal resistance. It should be noted that a similar study has also been reported in the
literature [21]. In their analysis, although the sample values are different with different
structure interlayers, they found a similar trend. The difference is that Sun used a different
SiNy interlayer; in this paper, the periodic structure of the SiNy interlayer is used. The
results show that a 20% reduction in SiNy thickness reduces the TBR by 5%, while the
periodic structure of SiNy reduces the TBR by 20%. It seems that the SiNy thickness of the
periodic structure is reduced by 20%, but the TBR is reduced by more, which indicates that
the additional reduced TBR should be derived from the SiNy periodic structure.

Table 3. Fit model results of TBRe pia/Gan With different SiN, structure.

. Grow Time TBReff Dia/GaN
[} elr, D1 a.
Structure Nucleation (12% CHy) (5% CH,) (m2KGW-1)
SiNy(orig) 405425
SiNy (Peri) 5min/750 °C 120 min/800 °C 322+138
SiNx(80 nm) 38.8 £ 1.5

The reason for the difference in interfacial thermal resistance is that the periodic
structure increases the contact area between SiNy and diamond, which may increase the
number of phonons transmitted at the interface, similar to the principle of enhanced heat
dissipation by fins in a macroscopic heat sink. The GaN-on-diamond interfacial region is
used to investigate the microstructural reasons for the differences in TBRegf gia/Gan Values
observed for each interlayer by cross-sectional TEM micrographs, as shown in Figure 3.
The results show that this is consistent with a low value for the TBReff gia/Gan- This shows
that the good interface between diamond and GaN enhances thermal transport. In the TEM
micrograph, the periodic structure sample forms a wave-like interface of the SiN, /diamond
which increases the interface transmission contact area and the heat dissipation capacity.
However, this effect is limited by the size of the SiN, geometric array. Zhou et al. [32]
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reports that not all phonon transmission can benefit from the enlarged effective contact
area, because the phonon mean free path dominates the phonon transmission capability.
When the characteristic size of the nanoparticle is smaller than the phonon mean free path,
the phonon scattering is enhanced due to the size effect, and the phonon transmission
efficiency at the interface decreases [33]. The size of the periodic structure of the SiNy
interlayer is larger than the average phonon mean free path of SiNy, which will enhance
the heat transfer ability theoretically. Therefore, the periodic interface structure improves
the interface heat transfer effect, which is shown as a decrease in the interface thermal
resistance on a macroscopic level.

Figure 3. TEM micrographs of GaN-on-diamond interfaces grown with different structure interlayers
of (a) SiNy(orig) and (b) SiNy(peri).

The advantage of the periodic structure interlayer of SiNy is not only reflected in
the phonon transmission ability, but also has a pretty good performance in terms of film-
base bonding strength. At the same time, the excellent adhesion further reduces the
TBReff pia/Gan between diamond and the GaN. To evaluate the adhesion of the diamond
film on GaN, a micro scratch test is performed where the diamond film is grown on
GaN/SiNy surface by MPCVD. This test has been used by many groups to study film-based
adhesion of hard coatings. This adhesion is reflected by changes in the acoustic signal of
the brittle diamond film on the GaN substrate, as shown in Figure 4. The acoustic signal
results show that the critical load (Lc3) of the GaN-SiNy(peri)-diamond sample is 15 N.
The difference is that the critical load (Lcs) of the GaN-SiNy(orig)-diamond sample is only
about 8 N. The results show that the adhesion of the diamond film with the SiNy(orig)
interlayer has a lower adhesion compared to the sample with the SiNy(peri) interlayer. The
periodic structure makes the diamond layer and the SiNy layer form a mosaic structure at
the interface. The embedded diamond particles hinder the expansion and extension of the
transverse cracks of the film, and at the same time, the micromechanical occlusion effect is
formed between the layers of the interface, which improves the interface bonding force.
The inter-embedded interfacial microstructure can be verified in the TEM micrographs of
GaN-on-diamond interfaces.

e 8
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Figure 4. Sound signal and corresponding scratch morphology of diamond film on the GaN substrate

with different structure interlayer of (a) SiNy(orig) and (b) SiNy(peri).

Surprisingly, after a short growth treatment of diamond. The cross-sectional micro-
graphs of the GaN/SiN, /diamond interfacial region and the surface morphology of the
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thickness of the diamond film are shown in Figure 5. There are obvious differences in
the surface morphology of the two structures interlayer. The diamond particle density
on the SiNy(orig) surface is significantly lower than that on the SiNy(peri) surface. The
diamond on the SiN, surface has formed a relatively dense film. Film-forming ability in
the early stage of diamond growth will significantly affect the TBR¢t pia/Gan, and a denser
structure will significantly reduce the TBR¢ pia/Gan- The difference in particles density
may be caused by the mosaic effect of nano-diamonds in the periodic structure during
seeding, which improves the adhesion capacity of SiN, surface to nano-diamond particle,
increases the seeding density of SiN, surface, and reduces interfacial voids. In addition, the
cross-sectional micrographs of the GaN/SiNy(orig)/diamond samples, the thickness of the
diamond film is about 1 pum. However, the thickness of the diamond film on the surface of
the SiN(peri) interlayer is 400 nm, which is much smaller than the thickness of the other
sample. This may all be caused by the pattern interlayer. As we know, this diamond film
has a low thermal conductivity. Therefore, a thinner low quality diamond layer can reduce
the thermal boundary resistance of the GaN-on-diamond. For the above reasons, the TBR
is lower when the SiNy film is preprocessed into a periodic structure.

Figure 5. Surface morphology and cross-sectional morphology of the nucleated diamond film on the
interlayer of (a,c) SiNy(orig) and (b,d) SiNy(peri).

4. Conclusions

In summary, this work reports on the SiNy(orig) (80 nm, 100 nm) and SiN,(peri)
(100 nm) that are used as the interlayers to grow diamond on the GaN surface. The
TBReff pia/can Of both structures are investigated by using the time-domain thermore-
flectance technique. It was found that the periodic structure of SiN, shows a lower
TBRef Dia/Gan than that original structure of SiN,. This sample’s TBRegf pia/Gan is mea-
sured to be 32.2 4+ 1.8 m>KGW~!. This can be explained as the periodic structure of
20 nm x 20 nm increases the interface contact area and phonon transmission efficiency.
In addition, the periodic structure improves the interface bonding strength and seeding
density, further reducing the adverse effects of interface heat transfer. However, in this
paper, the SiN, thickness is 100 nm, which is clearly too thick for a GaN-on-diamond
structure. The 100 nm thick SiN, interlayer is not conducive to further reducing the thermal
boundary resistance. Furthermore, the SiN, periodic structure is not optimized in this
paper. Therefore, thinning the thickness and optimizing the periodic structure of SiN, will
be our next research direction. It is undeniable that a suitable periodic structure of interface
is beneficial to reduce the TBRf pia/Gan between the diamond film and the gallium nitride
substrate. It can be speculated that selective patterning of the structure of the interlayer will
be a promising option for obtaining the lowest possible TBReff pia/Gan- This demonstrates
the great potential of using diamond as a thermal diffusion substrate for GaN devices.
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