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Abstract: Diamond has the most desirable thermal properties for applications in electronics.
In principle, diamond is the best candidate for integration with other materials for thermal management
due to its high thermal conductivity. Therefore, if low thermal boundary resistance can be developed
between diamond and the semiconductor material, it would most effectively channel the heat away
from areas of high power dissipation. Recent advancement of N-polar GaN in high power RF
and conventional power electronics motivated us to study the diamond/Si3N4/GaN interface to
understand how effectively the heat can be transferred from the GaN channel to diamond heat-sink.
Prior studies showed that there are challenges in incorporating diamond with GaN while still
maintaining the high crystalline quality necessary to observe the desirable thermal properties of the
material. Therefore, in this study we investigated the influence of methane concentration (0.5–6%),
gas pressure (40–90 Torr), sample surface temperature (600–850 ◦C), and growth duration (1~5 h) on
polycrystalline diamond growth. The diamond/Si3N4/GaN interface looks abrupt with no signs of
etching of the GaN for the samples with methane concentration above 2%, pressures up to 90 Torr,
and temperatures < 850 ◦C, allowing for incorporation of diamond close to the active region of the
device. This approach contrasts with most prior research, which require surface roughening and thick
growth on the backside.

Keywords: polycrystalline diamond growth; N-polar GaN; thermal management; active device
cooling; stress analysis

1. Introduction

Diamond has a number of excellent properties such as the highest known thermal conductivity
(TC), wide energy bandgap, high electron and hole mobility, widest optical transparency window,
and chemical inertness, which make it a unique solid-state material and desirable for several
technological applications. The high TC provides strong motivation for integrating diamond into
electronic devices for thermal management purposes [1]. In addition to high TC, diamond is electrically
insulating compared with other high TC materials (e.g., copper), which makes diamond a better choice
for low dielectric loss needed applications such as gallium nitride (GaN)-based power devices [2].

Gallium nitride is a wide-bandgap semiconductor which has shown great promise in high
power, high frequency, and high temperature applications for electronics. This is due to favorable
material properties such as large breakdown field, high electron saturation velocity, and high charge
concentration [3–5]. Most of the research in the field of electronic devices is focused on the Ga-polar
direction of the GaN (GaN[0001]) [6,7]. However, high electron mobility transistors (HEMTs) with
N-polar GaN (GaN

[
0001

]
) exhibit advantages in both enhancement and depletion (deep recessed

structure) modes and offer higher scalability, lower resistivity Ohmic contacts, lower gate capacitance,
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and more effective back barrier, which can result in a larger transconductance (gm), drain saturation
current (IDsat), cutoff frequency (ft), and maximum frequency (fmax) [8–10].

N-polar GaN HEMTs can deliver powers in W-band frequencies more than 3-fold of the
state-of-the-art Ga-polar GaN HEMTs [11]. Even though using SiC as the substrate for these HEMT
structures provides adequate TC to keep individual device temperatures within an acceptable range,
these transistors are still running close to the thermal budget of other components within the packaged
module, so these devices cannot be operated at maximum possible power and frequency, as will be
required for future applications. Furthermore, high temperatures (self-heating) in the channel decreases
the carrier mobility (∝T−3/2) and degrades the device performance, which eventually decreases the
reliability and lifetime of the device [12–15]. Therefore, it is necessary to dissipate the generated heat
from the top or bottom of the device. Owing to the excellent TC of diamond (>2000 W/m.K), it can be
used for heat spreading into the heat-sinks in GaN-based HEMTs. The heat dissipation can be done
through the substrate by replacing the substrate with diamond using growth or wafer bonding on the
backside of the HEMT structure [16–18]. The other approach is to grow polycrystalline diamond on
the top of the device, which can be much closer to the high temperature spot in the channel (5–20 nm)
and may be more effective than the former approach. Others have reported direct diamond growth on
AlGaN/GaN HEMTs, however these focused on Ga-polar GaN for the HEMT structure [19–22]. In this
work, we were focused on the integration of diamond into N-polar GaN with a goal of improving
HEMT technology.

Polycrystalline diamond was grown using a microwave plasma chemical vapor deposition
(MPCVD) system. Different MPCVD reactor structures reported in [23–25] all utilize hydrogen and
methane (CH4) gases as the main reactants. Hydrogen atoms are necessary to break C-H bonds and
provide CH3

+ to the surface for diamond growth and also promote the formation of diamond over
graphite by making the graphite to diamond conversion energy lower [2]. Since a hydrogen plasma is
the main species in diamond growth chamber, high temperature combined with hydrogen gas and
H+ radicals can cause the decomposition and etching of the GaN layer. Damaging the GaN layer
can change the properties of the 2-dimensional electron gas (2DEG) and in some serious cases can
remove it completely. In order to protect the GaN layer, a thin layer of Si3N4 can be used for surface
protection. This is compatible with most state-of-the-art N-polar GaN HEMT fabrication processes,
which use Si3N4 as gate dielectric and surface passivation. A thin Si3N4 layer reduces TC of the whole
structure, while on the other hand, improves thermal boundary resistance (TBR) between diamond and
GaN by more than 70% [26]. Therefore, Si3N4 can fill a beneficial role for both electronic and thermal
properties. However, making the Si3N4 layer as thin as possible is crucial to make the heat dissipation
more efficient and avoid the low bulk TC of Si3N4. In this work, we used a 20 nm in situ Si3N4

grown by metalorganic chemical vapor deposition (MOCVD) on top of N-polar GaN. Using Si3N4

for Ga-polar GaN protection during diamond growth was reported by [22,26–28]. It is important to
point out that MOCVD grown Si3N4 shows distinctively different surface properties compared to ex
situ depositions like plasma-enhanced chemical vapor deposition (PECVD) or low-pressure chemical
vapor deposition (LPCVD).

Our motivation for studying diamond growth on Si3N4/N-polar GaN layer stack is dedicated
to technological applications. N-polar GaN transistors are currently at the forefront of research for
high-power-density RF devices with one of their advantages being superior gate control due to the
proximity of the channel to the semiconductor surface. This combination of factors (high power density
and channel proximity to surface) makes the N-polar GaN HEMT an excellent candidate to benefit
from diamond integration as a heat spreader on top. However, a transistor is incomplete almost for
any application without an appropriate dielectric layer. Here we chose Si3N4 since N-polar GaN RF
devices typically use Si3N4 as its dielectric. Therefore, growth on the dielectric surface closely models
the use case we have plan for.

As mentioned earlier, single-crystalline diamond has the largest TC among all known bulk
materials, while polycrystalline diamonds exhibit much smaller TC which is also usually anisotropic in
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layers thinner than 10 µm [29,30]. However, according to reported results by Angadi et al., which shows
the relationship between diamond TC and grain size, a diamond layer with grain sizes larger than
400 nm can be more efficient than GaN for heat dissipation purposes [31]. Phase purity as one of the key
parameters plays a critical role in integration of diamond into foreign substrates. Having impurities,
non-diamond carbons, and defects reduces the diamond phase purity and affect the TC of the film [32].
In order to increase the TC of polycrystalline diamond, the phase purity (sp3/sp2 bonding ratio) of the
film needs to be as close as possible to that of single-crystalline diamond (~100%) and the average
grain size must be maximized. In this paper, the effect of diamond growth parameters (i.e., CH4%,
pressure, temperature, and time) on the average grain size, thickness, diamond/Si3N4/GaN interface,
and diamond phase purity were investigated under growth conditions that do not damage the
underlying GaN. The film’s residual stress, as an important mechanical property of diamond, is also
reported with respect to the different growth parameters.

2. Materials and Methods

A 2” sapphire wafer with ~ 1.5 µm semi insulating N-polar GaN layer and 20 nm MOCVD
Si3N4 on top was used as the substrate for this systematic growth study of diamond. The GaN
and Si3N4 layers were grown by MOCVD on sapphire substrates in a Thomas Swan close-coupled
showerhead reactor [33,34]. The wafer was cut into 5 × 5 mm2 pieces before seeding for polycrystalline
diamond growth. In this study, a polymer-assisted dip seeding technique was used with 30 min of
poly (diallyldimethylammonium chloride) solution dipping time to make the surface electrostatically
positive (zeta potential ≈ +50 mV) and then 30 min of oxygen-terminated diamond nanoparticles
(NPs) dipping with about −50 mV zeta potential. Due to the large difference between the surface of
the sample and NPs in potential, the seeding process was self-assembly and gave a high density of
NPs on the surface (>1012 cm−2). After the NPs dipping, samples were rinsed with water and dried
with N2 gas. This seeding method was originally developed on silicon substrate by [35]. However,
as the surface properties of Si3N4/GaN and Si are different, although we adapted the seeding method
described in [35], we did a significant amount of original work to develop our polymer-based seeding
method for Si3N4/N-polar GaN substrates to achieve the highest possible NP density on the surface.
Our systematic study on optimizing the NP seeding of Ga-polar GaN, N-polar GaN, and Si3N4/N-polar
GaN substrates is described in [36].

The NP suspension used for seeding was purchased from Adamas Nanotechnologies (Raleigh, NC,
USA) and was specified as monodispersed diamond NPs at 1 wt% in deionized (DI) water. The particles
had an average size of 5 nm with a −50 mV Zeta potential. The poly(diallyldimethylammonium
chloride) solution, or PDDAC, with 2 wt% in DI water was purchased from Sigma Aldrich (St. Louis,
MO, USA).

After the seeding, the samples placed inside an SDS 5000 series microwave plasma CVD reactor
from Seki Diamond Systems (Tokyo, Japan) for growth. For the study, a standard low power baseline
recipe was used; 2% CH4/H2, 1600 W plasma power, 40 torr pressure, 600 ◦C temperature, and 1-h
growth time. Each growth parameter was changed individually while keeping others constant: CH4

content was varied from 0.5% to 6%, pressure was varied from 40 to 90 torr, temperature was varied
from 600 to 850 ◦C, and time was varied from 1 to 5 h. The temperature of the substrate was measured
during the growth using a dual wavelength optical pyrometer (Williamson Pro DWF-24-40-CCCC,
Williamson corporation, Concord, MA, USA). After the growth, the samples were cooled down to
room temperature in H2 plasma to prevent any non-diamond material formation on the surface.

The samples were characterized by scanning electron microscopy (SEM—FEI Nova NanoSEM 430,
FEI, Hillsboro, OR, USA) in plan- and cross-sectional views to assess the grain size, film uniformity,
layer thickness, and study the diamond/Si3N4/GaN interface. The samples were also characterized
by a Raman spectroscopy system (RM1000, 514 nm argon laser, Renishaw, West Dundee, IL, USA) to
assess the crystalline quality with respect to its phase purity by measuring the relative sp3/sp2 bonding
ratio and film stress by measuring the peak shift from single crystalline diamond.
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3. Results and Discussion

3.1. Grain Size and Thickness

In the first set of experiments, the CH4% in the gas mixture was changed (CH4/H2 = 0.5–6%) while
keeping the other growth conditions constant. The plan-view SEM micrographs of the grown diamond
with different CH4 content are shown in Figure 1. When the CH4 content was 0.5%, grown diamond
layer showed non-uniformity with voids. This confirmed that the CH4 content was not high enough
to form a uniform layer in one hour and the growth process was mass transport limited. In the case
of 1% CH4, the diamond layer exhibited a larger density of nano-crystalline diamonds (NCDs) with
a smaller number of voids. Above 2% CH4 (3, 5 and 6%) the layer was completely uniform, and the
crystallite density was not changing, which was the sign of surface reaction limited growth. At this
stage, the growth mode was a combination of island growth (Volmer-Weber mode) and layer growth
(Frank-van der Merwe mode) [37]. The uniform distribution of diamond grains with a negligible size
variation was a confirmation of the uniformity in seeding and nucleation prior to growth. The average
grain size of the diamond layer with 0.5, 1, 2, 3, 5 and 6% CH4 contents was 90, 102, 113, 111, 108 and
112 nm, respectively. The average grain size increased with variation in CH4 from 0.5 to 2% due to the
larger lateral crystallite expansion rate, while it remained constant around 110 nm above 2% CH4 as the
lateral crystallite expansion rate saturated around 110 nm/h. Sternschulte et al. reported similar trend
with CH4% as the growth mode changed from mass transport limited to surface reaction limited [38].
Another possible reason for the lateral crystallite expansion rate saturation above 2% CH4 (beside
surface reaction limited growth) was the increased re-nucleation rate of the diamond.
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Figure 1. The effect of CH4 content in the gas mixture on film uniformity and grain size (plan-view
SEM micrographs).

Figure 2 shows the cross-sectional SEM micrographs of the samples. There are several etch pits and
roughening signs in the diamond/Si3N4/GaN interface in the case of 0.5% CH4 content. The number of
etch signs decreased drastically by increasing the CH4 content to 1%, and above 2% no etch signs were
observed in the interface of diamond/Si3N4/GaN. These results suggest that in order to have an abrupt
interface, it is crucial to increase the CH4 content to or above 2% at the early stages of the growth.

In the second set of experiments, the effect of the pressure was investigated (40 ~ 90 Torr with
10 Torr steps). In order to keep the temperature constant (~ 600 ◦C) for all the growths, the microwave
power was varied from 1200 to 1600 W. Figure 3 shows the plan-view and cross-sectional view SEMs of
the samples. Both the grain size and thickness of the diamond layer increased with pressure. Increasing
the pressure, increases the plasma density over the surface and provides more radicals/reactants for the
growth. The change in the grain size and thickness with respect to the pressure is shown in Figure 3e.
Both the grain size and thickness appear to have a super-linear (parabolic, R2 = 0.9976) relationship
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with the pressure. The grain size increased from 113 nm at 40 Torr, to 409 nm at 90 Torr. The thickness
changed from 130 to 590 nm when the pressure varied from 40 to 90 Torr. With increasing pressure,
the growth rate increases due to the higher plasma density and more energetic reactants in the chamber.
However, the thickness increases more rapidly than the average grain size, which suggest that the
higher pressure enhances the vertical growth rate more than the lateral crystallite expansion rate.
As shown in the inset of Figure 3e, at the onset of growth the grains start to expand by coalescing or
dominating smaller grains during the growth [39]. As the layer growth proceeds, the smallest grains
are buried by larger grains. The rate at which this happens, and the maximum size of crystallites which
can be achieved for a fixed growth time (1 h in this case) is influenced by the growth parameters.Crystals 2019, 9, x FOR PEER REVIEW 5 of 14 
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Figure 3. Plan- and cross-sectional-view SEMs of the diamond layer at (a,c) 40 and (b,d) 90 Torr.
(e) The relationship between thickness/grain size and the pressure (lines are guides to the eye only).
(Inset figure) Schematic cross-section of the sample after diamond growth.

As can be seen in Figure 3c,d, the cross-sectional view SEMs at 40 and 90 Torr pressures,
the diamond/Si3N4/GaN interface of all samples looks abrupt with no etching or roughening of the
substrate. The SEM micrographs for other pressures between 50 to 80 Torr also look abrupt at the
interface. This data confirmed that increasing the pressure does not affect the etching process if there
are enough radicals or reactants at the surface to immediately begin the diamond-phase nucleation on
the seed layer and protect the underlying layer.

In the third set of experiments, pressure and microwave power were adjusted simultaneously to
change the temperature from 600 to 850 ◦C with 50 ◦C steps. The grain size increased from 113 nm
at 600 ◦C, to 419 nm at 850 ◦C (Figure 4a–c). The thickness changed from 130 to 696 nm when the
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temperature varied from 600 to 850 ◦C (Figure 4d–f). Figure 4g shows that the grain size and also
the thickness of the diamond increased by temperature with a parabolic behavior (R2 = 0.9990).
The thickness increased more rapidly than the average grain size. This is possibly due to the very
high density seeding (>1012 cm−2) on the sample surface. Growing diamond using hydrogen plasma
(as opposed to Ar-rich plasma) is another reason for having higher vertical growth rate. It is worthy to
note that the diamond/Si3N4/GaN interface was abrupt with no etching between 600 to 850 ◦C for all
the samples. This makes the growth recipe suitable for integration with epitaxial GaN for electronic
devices like HEMTs.
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(g) The relationship between thickness/grain size and the temperature (lines are guides to the eye only).

In the last set of experiments, the growth time was increased in steps from 1 to 5 h for constant
growth parameters. The SEM micrographs of the samples are shown in Figure 5. The grain size of the
diamond increased from 113 nm in one hour to 550 nm in 5 h growth. Zou et al. also reported a grain
size between 500 to 800 nm after 5 h growth in the 600–700 ◦C temperature range. They used a 120 nm
Si3N4 as protection layer on Ga-polar GaN to maintain an abrupt interface [27]. In another work,
Zhou et al. reported growth of polycrystalline diamond at 650 ◦C, which resulted in 150–650 nm grain
sizes on top of 50 nm Si3N4. They measured a TC in the range of 55 to 320 W/m·K which increased
with increasing grain size [22].

In our growth time series, the crystal grain faceting did not change, which was expected since the
chamber thermodynamics were invariant across this series. This was unlike the temperature study,
in which increasing the temperature changed thermodynamic condition of the chamber, which resulted
in a shape change of the grains from particle-like (with 111 facets) toward more flat surfaces (with larger
100 facets) (Figure 4a–c). The thickness increased from 130 to 794 nm for one- and 5-h growths,
respectively. The grain size and thickness appeared to have a super-linear relationship with time up to
3 h and then changed to a sublinear relationship (Figure 5g). The difference between the grain size
and thickness increased with time, which was due to the higher vertical growth rate in our samples.
We may be able to control the growth rate along the different axis by changing the NPs seeding density
and the nucleation recipe. However, the growth conditions which promote lateral versus vertical
growth rates and their correlation to crystallite shapes are still under investigation.

In the case of 5 h growth, partial delamination of the diamond layer was observed from the surface
during the cooling cycle at the end of the recipe. We believe this was caused by the large compressive
stress in sapphire wafer during the cooling cycle, which was also reported by others [21,40]. This issue
elaborated upon more in the next section.
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3.2. Phase Purity and Residual Stress

In order to determine the phase purity and stress of the diamond layer, Raman spectroscopy with
a 514 nm laser wavelength was used. The Raman spectra of the grown diamond at different CH4

contents (0.5 ~ 6%) are shown in Figure 6. The diamond peak (or sp3 bonding signature ~ 1332 cm−1) was
strengthened by increasing the CH4%. The shift and broadening of the diamond peak in nanocrystalline
diamond can be explained by quantum confinement effect [41]. The other non-diamond peaks also
increased due to the formation of amorphous graphite at around 1560 to 1600 cm−1. Some other peaks
are visible in the spectra, 1140 and 1450 cm−1, which corresponds to C-H bonding and polyacetylene.
The increase in the intensity of these two peaks by increasing CH4% was due to the re-nucleation
process, which resulted in smaller grains and more polyacetylene between the grain boundaries [42].
The sharper intensity of diamond peak than the other peaks indicated the higher proportion of sp3

carbon atoms in these samples. By increasing CH4%, the relative intensity of broad G-peak increased,
and the G-band slightly moved up to higher frequencies (~1580 cm−1). The slight shift in the G-peak
frequency was due to the carbon soot formation and increase in the amorphous carbon component [43].
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Figure 6. Raman spectra of the diamond films grown at different CH4 content.

Having higher CH4% in the gas mixture resulted in a higher CxHy radical content in the plasma.
These radicals assist the nucleation process, but simultaneously enhance the re-nucleation rate of the
diamond and also increase the sp2 formation. Eckert et al. demonstrated via Monte Carlo simulation
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that having lower CH4% decreases C4H2 and C3H2 radicals and makes C2H2, CH2, and CH3 the only
available radicals for C-C bonding. This eventually results in a lower sp2 nucleation, which is desirable
for achieving high TC and large grain size in diamond films [44]. Another method to decrease sp2

content in the film is increasing the temperature and pressure of the hydrogen plasma, which results in
a more aggressive environment, and enhances the etching process of sp2 carbons by atomic hydrogen.

The phase purity (sp3/sp2 ratio) of the diamond layer can be calculated using Equation (1):

PP = (75 × Ad)/(75 × Ad +
∑

And) × 100%, (1)

where, PP is the phase purity, Ad is the diamond peak area, which was fitted with a Lorentz profile,∑
And is the sum of all non-diamond peaks area including D- and G-peaks, which were fitted with

a Gaussian profile [45]. The reason for having a correction factor of 75 is due to the more effective
Raman scattering of sp2 than sp3 carbon bonding [46,47]. As shown in Table 1, increasing CH4%
resulted in a higher diamond phase purity (79.71% at 0.5% CH4 to 94.36% at 6% CH4) due to the
stronger diamond peak.

The residual stress of the diamond film plays a critical role in determination of diamond
delamination from the substrate. It includes thermal and intrinsic stress. Thermal stress is caused
by the difference in the coefficient of thermal expansion (CTE) between diamond (~1.1 µm/m.K) and
Si3N4/GaN/sapphire substrate (~3.3/4.1/5.5 µm/m.K) during the cooling cycle from growth temperature
(600 ~ 850 ◦C) to room temperature. Since the substrate has a much larger CTE than diamond, it shrinks
more after post-growth cooling and applies a large compressive stress to diamond film. Intrinsic stress
is due to the incorporation of impurities and defect formation [48]. The bi-axial residual stress is
proportional to Raman shift as explained in [48,49] and can be calculated using Equation (2):

Σ = −0.567(ϑm − ϑ0) (GPa), (2)

where, ϑm is the Raman frequency of the measured peak, and ϑ0=1332 cm−1 is the Raman peak
frequency with no residual stress [49]. The negative value for σ results from a compressive stress
and positive value corresponds to a tensile stress. Table 1 shows that all the samples with varying
CH4 gas phase content exhibited a compressive stress. The stress magnitude increased from 3.4 to
5.2 GPa at 0.5% and 5% CH4, respectively, due to the increase in the thickness. The residual stress
magnitude for 6% CH4 decreased to 4.9 GPa, which can be due to the increase in the re-nucleation rate
and film relaxation by ultra-nano-crystalline diamond (UNCD) formation. More grain boundaries and
polyacetylene result in a tensile stress in the film, which can compensate a portion of the compressive
stress caused by CTE mismatch [45]. This conclusion needs further investigation.

Table 1. Grain size, thickness, Raman peak, phase purity, and stress of diamond at different CH4%.

CH4 (%) Grain Size (nm) Thickness (nm) ϑm (cm−1) PP (%) Stress (GPa)

0.5 90 85 1337.9 79.71 −3.4
1 102 116 1339.0 85.15 −4.0
2 113 130 1339.5 90.1 −4.2
3 111 135 1340.3 90.84 −4.7
5 108 146 1341.1 93.11 −5.2
6 112 159 1340.6 94.36 −4.9

The Raman spectra for the second set of experiments, where the growth pressure was changing
from 40 to 90 Torr with 10 Torr steps, are shown in Figure 7. It can be seen that by increasing the
pressure the relative intensity of the diamond peak increases with respect to other non-diamond peaks
(sp3/sp2 ratio). As a result, the phase purity of the diamond film changed from 90.1% at 40 Torr to
97.98% at 90 Torr (Table 2). The residual stress of the diamond film showed a compressive nature and
increased with the pressure due to the increase in the thickness. Increasing the pressure, decreased
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the formation of sp2 bonding carbons suggesting a decrease in compressive stress, while increasing
the thickness and grain size applied a larger compressive stress. In this study, up to 90 Torr pressure,
we observed no delamination from the substrate.
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Figure 7. Raman spectra of the diamond films grown at different pressures.

Table 2. Grain size, thickness, Raman peak, phase purity, and stress of diamond at different pressures.

Pressure (Torr) Grain Size (nm) Thickness (nm) ϑm (cm−1) PP (%) Stress (GPa)

40 113 130 1339.5 90.1 −4.2
50 141 199 1340.0 91.59 −4.5
60 180 250 1340.7 92.13 −4.9
70 253 338 1341.6 94.52 −5.4
80 312 400 1341.9 96.81 −5.6
90 409 590 1342.1 97.98 −5.7

In Figure 8, the Raman spectra of the diamond films grown at different temperatures (600 to
850 ◦C with 50 ◦C steps) are shown. The intensity of the diamond peak increased with temperature as
expected due to a higher growth rate, which resulted in larger grain size and thickness. The sp3/sp2

ratio increased by the temperature and polyacetylene peaks (~1140 and 1450 cm−1) disappeared at
850 ◦C. The phase purity of the diamond film compared at different temperatures and are shown in
Table 3. The phase purity increased from 90.1% at 600 ◦C to 98.57% at 850 ◦C, which is very close
to single crystalline diamond value at 100%. The residual stress in the diamond films are shown in
Table 3. The residual stress showed a compressive nature and the magnitude increased from 4.2 at
600 ◦C to 6.3 at 850 ◦C. Similar to pressure study results, the increase in the thickness is the main reason
for larger compressive stress. In this study, up to 850 ◦C we observed no delamination of the diamond
film from the substrate.

Table 3. Grain size, thickness, Raman peak, phase purity, and stress of diamond at different temperatures.

Temperature (◦C) Grain Size (nm) Thickness (nm) ϑm (cm−1) PP (%) Stress (GPa)

600 113 130 1339.5 90.1 −4.2
650 200 247 1340.8 92.22 −5.0
700 265 388 1341.5 96.11 −5.4
750 326 503 1342.4 96.79 −5.9
800 370 600 1342.7 98.16 −6.1
850 419 696 1343.1 98.57 −6.3
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The last set of experiments were focused on the growth duration from 1 to 5 h. Figure 9 shows the
diamond peak strengthens with increasing growth time, which corresponds to a larger ratio of sp3

to sp2 carbon bonding. The longer growth duration resulted in a higher phase purity as indicated
in Table 4. It also can be seen from Table 4 that the residual stress increased with the time, due to
the larger grain size and thickness of the diamond film. In the case of 5 h, about 70% of the sample
area was delaminated from the substrate, which was due to the large compressive stress (−7.1 GPa).
The delamination issue can be solved by roughening the surface prior to the nucleation stage, to enhance
the adhesion of the diamond layer or by finding ways to mitigate film stress.
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Figure 9. Raman spectra of the diamond films for different growth times.



Crystals 2019, 9, 498 11 of 14

Table 4. Grain size, thickness, Raman peak, phase purity, and stress of diamond for different
growth durations.

Time (h) Grain Size (nm) Thickness (nm) ϑm (cm−1) PP (%) Stress (GPa)

1 113 130 1339.5 90.1 −4.2
2 180 224 1340.2 93.61 −4.6
3 320 467 1342.1 95.22 −5.7
5 550 794 1344.6 98.84 −7.1

The results of this study are summarized in Figure 10a,b, which show the phase purity versus
grain size and residual stress versus thickness of all the samples, respectively. As shown in Figure 10a,
the phase purity increased with the average grain size of polycrystalline diamond up to 400 nm and
then saturated above this point at 98.84%. The magnitude of compressive residual stress in the diamond
film (Figure 10b), increased with the thickness and showed a linear relationship. The only datapoints
that do not follow the main trend in these two plots belong to the CH4 content study, which suggests
that changing CH4% may apply an offset to the graphs.
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Figure 10. (a) Phase purity versus grain size of the diamond layer. (b) Residual stress as a function of
film thickness. lines are guides to the eye only, for both of the figures.

4. Conclusions

A systematic study on the growth of polycrystalline diamond was performed on Si3N4-coated
N-polar GaN substrates in a wide range of growth parameters (CH4 concentration 0.5–6%, pressure
40–90 Torr, temperature 600–850 ◦C, and time 1–5 h). The CVD-grown diamonds were compared
using SEM and Raman spectroscopy with respect to their grain size, thickness, interface abruptness,
phase purity, and residual stress. It has been shown that using 2% or more CH4 content decreases the
etching signs at the diamond/Si3N4/GaN interface and exhibits a better abruptness. Changing other
parameters (pressure, temperature, and time) did not affect the interface as long as there was enough
CH4 in the gas mixture to make a uniform nucleation layer at the beginning of the growth for Si3N4/GaN
protection (etching prevention). The phase purity of diamond varies between 79.71 and 98.84% for
90 and 550 nm grain size, respectively. The residual compressive stress depends mostly on the
thickness and changes from −3.4 GPa at 85 nm to −7.1 GPa at 794 nm film thickness. SiC formation
at the diamond/Si3N4 interface provides a robust chemical bonding to the substrate and prevents
delamination even at a high residual stress (up to 7 GPa compressive stress). The higher compressive
stress in the diamond layer (above 7 GPa) may result in delamination from the substrate. This may
be resolved by techniques like adding a re-nucleation layer in the middle of the growth to relax the
entire layer or provide tensile stress, which requires further investigation. The results of this study
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suggest a wide growth window of polycrystalline diamond on Si3N4/GaN with bulk-like properties,
while demonstrating its compatibility with N-polar GaN HEMT technology and fabrication process.
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