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ABSTRACT

The low thermal conductivity of b-Ga2O3 is a significant concern for maximizing the potential of this ultra-wide bandgap semiconductor as a
power switching device technology. Here, we report on the use of nanocrystalline diamond (NCD) deposited via microwave plasma enhanced
chemical vapor deposition (MP-CVD) as a top-side, device-level thermal management solution on a lateral b-Ga2O3 transistor. NCD was
grown via MP-CVD on b-(AlxGa1�x)2O3/b-Ga2O3 heterostructures prior to the gate formation of the field-effect transistor. A reduced
growth temperature of 400 �C and a SiNx barrier layer were used to protect the oxide semiconductors from etching in the MP-CVD H2

plasma environment. Raman spectroscopy showed a highly sp3-bonded NCD film was obtained at 400 �C, with grain size of about
50–100 nm imaged via atomic force microscopy. The incorporation of the NCD heat-spreading layer resulted in a b-(AlxGa1�x)2O3/b-Ga2O3

heterostructure field-effect transistor showing a decrease in the total thermal resistance at the gate by 42%. The fabrication process, including
the NCD etch in the gate region, will need to be improved to minimize the impact of these processes on important device characteristics (i.e.,
drain current, threshold voltage, and leakage current).

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0191771

Significant progress has been made over the years in power devi-
ces based on the ultra-wide bandgap semiconductor, b-gallium oxide
(b-Ga2O3). This material attracts attention due to its excellent electrical
properties, including its ultra-wide bandgap EG of 4.6–4.9 eV and high
critical field strength Ec of 6–8MV/cm, and because of the availability
of large-area high-quality single crystalline bulk substrates and epiwa-
fers.1–3 Even though all semiconductor devices are thermally limited,
b-Ga2O3 exhibits the lowest thermal conductivity of all relevant semi-
conductors [highest of 27W (m K)�1 in [010] direction2,3] considered
for electronic device applications. The expectation of very high power

densities resulting from the high Eg of Ga2O3 necessitates that a heat
extraction mechanism from the active region be implemented.
Otherwise, considerable device self-heating will lead to premature
device failure.4–7 b-Ga2O3 device reports over the past decade have not
addressed this issue yet.

The development of high-performance b-Ga2O3-based lateral
power devices will require the incorporation of thermal management
solutions near the surface, in close proximity to the electron channel,
in order to mitigate these thermal issues. Many thermal solutions have
been considered including wafer thinning and bonding the b-Ga2O3
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device to higher thermally conductive substrates (i.e., 4H-SiC or dia-
mond).8–12 Top-sided solutions, including heat-spreading layers, have
been shown to be especially useful for lateral devices as the majority of
the heat is generated near the surface of the wafer within the transistor
active region.5 Previously, we have demonstrated temperature reduc-
tion in the active region of a b-(AlxGa1�x)2O3/Ga2O3 heterojunction
field effect transistor (HFET) with the incorporation of a sputtered-
AlN heat-spreading layer.13 Diamond has been extensively explored
for heat spreading in GaN devices due to its high thermal conductiv-
ity14–26 and its incorporation in a similar lateral HFET as in Ref. 18.

Nanocrystalline diamond (NCD) has been proposed to be an
excellent candidate for a heat-spreading layer in wide bandgap devices
due to its high thermal conductivity [200–1500W (m K)�1 depending
on thickness], conformal growth across three-dimensional surfaces,
small crystallite size (<100nm), and low surface roughness (1–20 nm
rms).15 Chemical vapor deposition (CVD) of NCD can be performed
by a variety of methods including hot-filament CVD (HF-CVD),
microwave-plasma enhanced CVD (MP-CVD), DC glow discharge,
and electron cyclotron resonance.14,16 MP-CVD is a technique pre-
dominantly used for high quality, contamination-free diamond growth
for single-crystalline, polycrystalline, nanocrystalline, and ultrananoc-
rystalline diamond. The chemistry for NCD growth consists of meth-
ane (CH4) precursor diluted in H2, and the CH4/H2 ratio plays
important role in defining the resulting properties of the CVD NCD
films.17 Previously, diamond grown by CVD has been incorporated
into AlGaN/GaN devices either as a substrate (polycrystalline dia-
mond) or as a top-side coating (NCD) and has resulted in improved
device performance.18–28

Growth of NCD on b-Ga2O3 presents such challenges of etching
the Ga2O3 in H2 plasma, necessitating a reduced growth temperature
and the use of a barrier dielectric such as SiNx or SiO2.

6,29 Reducing
the growth temperature of NCD will result in a slower growth rate and
typically leads to an increased concentration of sp2-bonded carbon.6

Low-temperature growth of diamond has been explored in the litera-
ture in the past.30–33 Stiegler et al. showed crystalline CVD diamond
growth at temperatures as low as 360 �C using a 2% CH4/H2 ratio and
no additional oxygen in the plasma chemistry.31 At higher CH4/H2

ratio, the NCD film transitioned into a “cauliflower” regime, typically
characterized by a smaller crystallite size and voids in between grains.34

As the growth temperature was reduced, the diamond Raman peak
measured at 1333 cm�1 in samples became less distinguishable from

the non-sp3 background signal around 1500 cm�1. Kriele et al. showed
that non-sp3 peaks (i.e., graphite and transpolyacetylene signals) can
be significantly reduced by using a CH4/H2 ratio of up 1%.40

Furthermore, it is well known that nanodiamond grain evolution can
be assisted when a small amount of oxygen in the plasma etching
smaller grains, allowing surviving columns the space to expand faster,
result in increased grain size and thus improved diamond quality.35–37

For example, Schmidt et al. performed detailed quadrupole mass spec-
trometry (QMS) gas-phase analysis during microwave-plasma CVD of
diamond.36 The improvement in the diamond quality, determined by
the ratio of the diamond/non-diamond Raman peak intensities, was
shown at an O2 flow rate of about 1.8% (2 sccm O2, 100 sccm H2, and
6 sccm CH4). The drawback of this growth process is that the transfer
of carbon from the methane precursor must overcome the competing
process of carbon etched by the oxygen, resulting in a reduced growth
rate as shown in Fig. 10 in Schmidt’s work.36 This is significant when
modifications of gas chemistry for the purpose of improving thermal
conductivity, particularly for low growth temperature regimes, are pro-
posed since NCD thermal conductivity is dependent on the total thick-
ness and thus growth rate.31 In this work, we grow NCD at 400 �C
without the use of oxygen and preserve sp3-bonding, as shown by
Raman spectroscopy, by keeping the CH4/H2 ratio sufficiently low to
preserve the transfer of carbon from the methane precursor into highly
covalently bonded NCD. We demonstrate an NCD-capped
b-(AlxGa1�x)2O3/b-Ga2O3 heterostructure field-effect transistor
(HFET) as a potential solution for top-side device-level thermal man-
agement for Ga2O3 power devices.

The fabricated NCD-capped b-Ga2O3 device cross section sche-
matic is shown in Fig. 1(a). b-(AlxGa1�x)2O3/b-Ga2O3 heterostruc-
tures were grown via ozone-assisted molecular beam epitaxy (O3-
MBE), which consists of a 125nm thick unintentionally doped (UID)
Ga2O3 layer, followed by a 28nm thick (Al0.19Ga0.81)2O3 barrier layer
on an Fe-doped (010) Ga2O3 substrate.

38,39 The (Al0.19Ga0.81)2O3 layer
was delta-doped with Si �3 nm above the interface. These layers were
continuously grown in the MBE reactor to prevent unintentional Si
from accumulating at the HFET interface. Net free carrier concentra-
tion of the heterostructure extracted by electrochemical C-V method is
shown in Fig. 1(b). Ohmic source/drain contacts were formed using Si
ion implantation with an activation anneal of 30min at 925 �C in N2

and e-beam evaporation of Ti/Au with a metallization anneal of 1min
at 470 �C in N2.

FIG. 1. (a) Cross-section schematic of the b-(AlxGa1�x)2O3/b-Ga2O3 HFET with NCD heat-spreading layer. (b) Net doping concentration of the O3-MBE grown heterostructure
extracted by C-V. (c) HAADF-STEM of the b-(AlxGa1�x)2O3/b-Ga2O3 heterostructure after NCD growth.
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Prior to NCD growth, a �50 nm thick SiNx layer was deposited
by plasma-enhanced chemical vapor deposition (PECVD) at 400 �C to
protect the Ga2O3 from damage caused by the H2 plasma during the
NCD growth.6 The NCD layer was then grown by MP-CVD in a
three-step process.14,16 A seeding method using detonation nanodia-
mond powder creates the NCD nucleation sites.15 The growth process
started with seeded sample being placed into the growth chamber and
pretreated at 100 �C in hydrogen atmosphere at 15Torr for 1 h. NCD
growth was then performed using a 1.5% CH4/H2 concentration at a
temperature of 400 �C, pressure of 15Torr, and power of 800W for
�6 h, resulting in an NCD film thickness of �100 nm.17 Both SiNx

and NCD layers were continuous across the sample. Figure 1(c) shows
a high-angle annular dark field scanning transmission electron micros-
copy (HAADF-STEM) image of the b-(AlxGa1�x)2O3/b-Ga2O3 heter-
ostructures after NCD growth.

The SiNx/NCD stack was then removed from the gate region and
the source/drain probing pads. Because the NCD layer was thin and
insulating, reference devices with the gate metal on top of the NCD
(“Gate on NCD”) were fabricated as well. An additional 100 nm thick
PECVD SiNx layer was deposited on the NCD film to act as a hard
mask for the plasma dry etching process. O2 plasma (ICP 1000W, RF
100W) and SF6 (ICP 200W, RF 50W) were used to etch the NCD
and SiNx layers, respectively.

40 A 22nm thick HfO2 gate dielectric was
deposited by atomic layer deposition (ALD), and finally, the gate con-
tacts were formed by liftoff of a 20/200nm thick e-beam evaporated
Ni/Au stack. Figure 2(a) shows a secondary electron microscopy

(SEM) image of a focused ion beam (FIB) cross section of the gate in
an “MOS Gate” device. The various layers can be seen in the energy
dispersive spectroscopy image of the source side of the gate in Fig. S1
in the supplementary material. The room temperature specific contact
resistivity, mobility, sheet carrier concentration, and sheet resistance of
the b-(AlxGa1�x)2O3/b-Ga2O3 heterostructures after NCD growth
were measured to be 4.3� 10�4X � cm2, 54 cm2/V�s,
1.26� 1013 cm�2, and 9.1 kX/w, respectively.

The SEM image of the NCD film grown on the delta-dopedHFET
sample in Fig. 2(b) shows a continuous NCD layer was grown at this
reduced temperature of 400 �C without large voids in between the
grains typically observed in cauliflower NCD films. From the atomic
force microscope (AFM) image of a witness Ga2O3 sample [inset of
Fig. 2(c)], the average grain size is estimated to range from 50 to
100 nm and an RMS roughness of �10nm was measured. Thicker
NCD growth on Ga2O3 is planned in follow-up experiments in order to
rigorously quantify NCD grain size and texture using x-ray diffraction
(XRD), scanning transmission electron microscopy (STEM), preces-
sion electron diffraction (PED), and electron backscattering diffraction
(EBSD) methods.41–43 Raman spectroscopy of the NCD-capped HFET
[Fig. 2(c)], a rapid NCD characterization technique, indicated a high
quality NCD layer with sp3-bonded carbon based on the sharp Raman
mode at�1332 cm�1 and suppressed trans-polyacetylene and G-peaks
as a result of the low CH4/H2 ratio duringNCD growth.16,44,45

Figures 3(a) and 3(b) show the DC transfer and output character-
istic for the NCD-capped b-(AlxGa1�x)2O3/b-Ga2O3 HFET labeled
“MOS gate.” A low on-state ID,max of 4.7mA/mm at a VDS of 5V, and
threshold voltage (Vth) of 6V were measured [Fig. 3(a)]. While no sig-
nificant over-etching was observed in the cross-sectional SEM image
of the “MOS gate,” the SF6-plasma may have impacted the
(AlxGa1�x)2O3 barrier within the gate region when removing the SiNx

interlayer. Output characteristics show lower ID as well as significant
increase in on-resistance possibly due to fluorination of the
(AlxGa1�x)2O3 barrier from exposure to the SF6-plasma. Threshold
voltage control due to fluoride-based plasma treatments has been
extensively reported for GaN HEMTs.46,47 Deposition of gate dielectric
prior to SiNx barrier could be one mitigating approach.48 Ideally, it
would be beneficial to increase diamond growth temperature in our
future experiments. The higher growth temperature could be detri-
mental to the ALD gate dielectric properties, though, in this case.

In contrast, DC transfer and output measurements are shown in
Figs. 3(c) and 3(d) for a reference “Gate on NCD” device still capped
with NCD within the gate region. On-state ID at the same VDS of 5V is
21mA/mm [Fig. 3(c)], and output curves show ID is over 20� higher
compared to the “MOS Gate” device. The higher ID for the “Gate on
NCD” device can be attributed to the (AlxGa1�x)2O3 barrier in the
gate region not being exposed to the SF6 plasma required to remove
the SiNx barrier layer. An uncapped reference HFET device character-
istics from a sister sample on which SiNx and NCD were not deposited
are shown in Figs. 3(e) and 3(f).13 The extracted Vth of the reference
sample was �23V. Although the current density was maintained in
the “Gate on NCD” device compared to the reference device, the disad-
vantage of this structure with the additional layers in the gate region
was the significant negative threshold voltage shift to a Vth of �40V.
The output characteristics in Fig. 3(d) do not show current saturation,
which may be due to reduced 2DEG density control by the gate field at
higher drain biases caused by the additional NCD and SiNx layers over

FIG. 2. (a) FIB SEM cross-sectional image of the gate region of the fabricated
HFET. (b) SEM image of NCD grown on the b-Ga2O3 device. (c) Raman spectros-
copy showing the diamond peak at �1330 cm�1 indicating the sp3-bonded carbon
and inset showing an AFM image of a witness b-Ga2O3 sample. Grain size aver-
ages between 50 and 100 nm, and rms roughness is �10 nm.
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the channel. The NCD/SiNx stack etch process in the gate region will
need to be optimized in order to achieve the higher drain current while
maintaining a reasonable threshold voltage.

Both “MOS gate” and “Gate on NCD” devices do show a higher
off-state leakage current compared to the reference device. After the
NCD growth at 400 �C, we may be activating an additional conduction
path through the Si peak at the Ga2O3 buffer/substrate interface as
shown in Fig. 1(b); this could be mitigated in future iterations by grow-
ing a thicker Ga2O3 buffer layer. Another possibility could be hydrogen
from the CH4/H2 plasma during NCD CVD growth incorporating
into the device layers and increasing the conductivity, as hydrogen
interstitials have been reported to act as a shallow donor in b-Ga2O3.

49

A significant drop in Hall mobility was observed from 83 to 54 cm2/
V�s, measured before and after NCD growth, respectively. The higher
off-state leakage and reduction in Hall mobility may indicate the need
to continue using a lower NCD growth temperature (e.g., 400 �C) to
avoid further device degradation. Additional electrical data, including
gate leakage, isolation currents, and Hall measurements, are provided
in the supplementary material.

Thermal measurements were performed using a TMX Scientific
T�Imager (532nm, 100� objective); the power dissipated was moni-
tored using an oscilloscope, and the base temperature was maintained
at 20 �C. A measurement delay of 5ms was employed to allow the
device to reach a steady-state thermal condition before measuring the
operating temperature rise.12 Figure 4(a) shows the temperature rise
across the NCD-capped HFET compared to the reference uncapped
HFET at a power density of �1.6W/mm (VGS¼ 0V) with the inset
showing the thermoreflectance image of the NCD-capped HFET.
Figure 4(b) shows the average temperature rise at the gate as a function
of power density where the slope corresponds to the device thermal
resistance. A 42% reduction in the thermal resistance at the gate elec-
trode was observed with the incorporation of the NCD heat-spreading
layer when compared to a reference uncapped HFET.13

To evaluate the thermal conductivity of the NCD film and ther-
mal boundary resistance (TBR) of the associated interfaces, time
domain thermoreflectance (TDTR) was used. TDTR is a well-
established optical pump-probe method for measuring thermal

FIG. 3. (a) DC transfer and (b) output characteristics of the b-(AlxGa1�x)2O3/
b-Ga2O3 HFET with the MOS gate. (c) DC transfer and (b) output characteristics of
the b-(AlxGa1�x)2O3/b-Ga2O3 HFET with the gate on NCD. (e) DC transfer and (f)
output characteristics of the b-(AlxGa1�x)2O3/b-Ga2O3 reference HFET. All devices
have the following geometry: LGS¼ 2.5 lm, LGD¼ 10 lm, and WG¼ 75 lm.

FIG. 4. (a) Temperature rise across the NCD-capped HFET compared to a reference HFET at 1.6W/mm (VGS¼ 0 V). Inset shows the thermoreflectance image of the NCD-
capped HFET at a power density of 1.6W/mm. (b) Average temperature rise of the gate vs power density for NCD-capped and reference (uncapped) HFETs with the extracted
thermal resistances.
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properties of thin films and interfaces.50,51 For sample preparation, a
thin film metal transducer is deposited onto the surface of the sample.
In this study, the transducer was 80nm of Al deposited via e-beam
evaporation. In the current TDTR experimental setup, a single laser
(Ti:sapphire, 800nm) is used to both periodically heat the sample sur-
face (pump beam path) and measure the change in reflectivity of the
metal transducer (probe beam path). The incident laser passes through
a polarizing beam splitter to divide the laser into the pump and probe
beam paths. The frequency of the pump beam is then doubled to
400nm for surface heating, and the probe beam passes through a
mechanical delay stage to measure the thermal response (change in
reflectivity) with picosecond temporal resolution. A diffusive heat con-
duction model is subsequently used to fit thermal conductivity and
TBR.50,51 For the Al/NCD/SiNx/Ga2O3 sample, a sensitivity analysis
revealed extremely low sensitivity to the thermal conductivity of the
NCD film, and the measurement sensitivity was dominated by the
SiNx interlayer and the NCD/SiNx/Ga2O3 interfaces. This indicates
that the thermal resistance of the SiNx interlayer and NCD/SiNx/
Ga2O3 interfaces is significantly larger than that of the NCD film. As
such, the measured thermal resistance of 51 m2�K/GW comprised the
NCD film, SiNx interlayer, and NCD/SiNx/Ga2O3 interfaces.
Additional information on the sensitivity analysis and data fitting is
available in the supplementary material. Significantly thicker NCD

layers are needed for accurate thermal conductivity analysis of low-
temperature NCD.

In addition to thermal benefits, the higher dielectric relative per-
mittivity compared to air of the NCD and the SiNx layers, 5.5

44 and
�10, respectively, leads to improved field management within the
(AlxGa1�x)2O3 layer. Silvaco simulation results show spreading of the
electric field (E) within the (AlxGa1�x)2O3 layer due to the implementa-
tion of the SiNx/NCD film stack [Fig. 5(b)] compared to the reference
uncapped device [Fig. 5(a)]. The devices in these simulations were
biased at VDS¼ 8V and VGS¼ 0V. This electrothermal management
technique will become more effective with optimization of the NCD
layer, including using a higher deposition temperature, growing a
thicker NCD layer, and reducing the thickness of the SiNx interlayer.

44

Here, we report the results of a nanocrystalline-diamond capped
b-Ga2O3 device and the resulting reduction in device operating
temperature. A heat-spreading NCD layer of 100 nm was grown
using microwave plasma enhanced CVD on a partially processed
b-(AlxGa1�x)2O3/b-Ga2O3 heterostructure device. The 50 nm SiNx

interlayer was crucial to avoid hydrogen plasma damaging the
b-Ga2O3. A significant reduction in drain current was observed when
removing the NCD/SiNx stack from the gate region with plasma etch-
ing, but drain current was maintained when the gate was formed on
top of the NCD/SiNx stack. Incorporation of the NCD-capping layer
resulted in a 42% reduction of thermal resistance at the gate, which
shows the promise of this technique as a thermal management solution
for b-Ga2O3-based power devices. These results outline two paths for-
ward for future works. On the one hand, we could continue using a
low (400–500 �C) NCD growth temperature and form the gate prior to
NCD growth; this would avoid the need for plasma etching in the
active region. The other path forward includes increasing the growth
temperature of the NCD, which increases the growth rate; this would
allow us to grow thicker NCD films prior to gate deposition and opti-
mize its thermal properties. With higher growth temperatures, we
would need to improve the etch of the NCD/protective layer (SiNx)
stack and possibly investigate other protective layers that would better
impede hydrogen incorporation into the Ga2O3.

See the supplementary material for additional information,
including energy dispersive spectroscopy image of the NCD-capped
Ga2O3 device (Fig. S1), additional electrical data (Figs. S2–S4, Table
S1), TDTR setup, sensitivity analysis, and analysis (Table S2, Figs. S5
and S6), and full schematics of the Silvaco simulations (Fig. S7).
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