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ABSTRACT This paper presents high performance hydrogen-terminated diamond MOSFETs fabricated on
a (111)-oriented single-crystal diamond substrate. The diamond surface was passivated by a high-quality
Al2O3 grown by ALD at 350◦C as well as a secondary passivation layer Si3N4 deposited by PECVD.
After passivation, a low ohmic contact resistance Rc of 0.5 �·mm was obtained and the 2DHG sheet
density was as high as 1.0×1013 cm−2 with a corresponding mobility of 104 cm2 /V·s. The fabricated
diamond MOSFET with gate length of 0.5 μm showcased a high current density of 750 mA/mm, a low
on-resistance of 24 �·mm, and a high off-state breakdown voltage of 117 V. Thanks to the high current
density and low on-resistance, a record high output power density of 2.1 W/mm was achieved at 10 GHz
with drain biased at a low voltage of −30 V. These results demonstrate that the output current and
output power can be improved by using a (111)-oriented diamond, which is benefit for high-frequency
and high-power RF devices.

INDEX TERMS Hydrogen-terminated, (111)-oriented diamond, output power.

I. INTRODUCTION
As the representative of ultra-wide bandgap semiconductors,
diamond is known as the ultimate semiconductor for its
exceptional characteristics such as high breakdown electric
field (10 MV/cm), high thermal conductivity (22 W/cm·K),
and high carrier mobility (4500 cm2/V·s for electrons
and 3800 cm2/V·s for holes) [1], [2], [3], making it
a superior candidate for high-frequency and high-power
devices. However, almost all purities such as boron and
phosphorus in diamond have very high activation energies
and they are difficult to be ionized at room temperature [4].
Thus, it is hard to achieve high performance RF devices
by using the conventional bulk doping process [5], [6].
It was not until 1994 that the first hydrogen terminated
diamond (H-diamond) metal semiconductor field-effect tran-
sistor (MESFET) by utilizing a two-dimensional-hole-gas
(2DHG) channel was reported [7], which makes the H-
diamond RF devices develop rapidly in the next three
decades for its high performance 2DHG channels. To date,

the diamond MOSFETs with record cutoff frequency (fT) of
70 GHz, maximum oscillation frequency (fmax) of 120 GHz,
output power density of 4.2 W/mm at 2 GHz have been
achieved by using the hydrogen termination technique [8],
[9], [10].
The 2DHG density of the H-diamond is not only

related to the hydrogenation process, but also depends on
the orientation of the diamond surface. A higher density
2DHG can be achieved on a (111)-oriented diamond for
its high C-H dipole charge density, which is beneficial
for decreasing the on-resistance and improving the current
density of the H-diamond MOSFETs [11], [12]. It implies
that the power output characteristics can be improved by
using a (111)-oriented H-diamond for its high current
density. However, (111)-oriented diamonds are hard to be
acquired and most of the reported H-diamond devices were
fabricated on (001)- or (110)-oriented substrates. Only a
few H-diamond MOSFETs on (111)-oriented surfaces were
reported, and a high current density of over 1 A/mm and
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a high output power density of 3.6 W/mm at 1 GHz were
achieved [13].

In our previous work, we have reported a H-diamond
MOSFET on (001)-oriented surface and an output power
density of 1.26 W/mm was achieved at frequency of
10 GHz [14]. In this work, a (111)-oriented H-diamond
substrate was utilized to fabricate the diamond MOSFETs
to reduce the on-resistance and improve the output current
density. The Al2O3/Si3N4 bilayer passivation were employed
to passivate the 2DHG channels, which is similar to
that in our previous work [14], [15]. Attributing to the
high performance 2DHG channels on the (111)-oriented
diamond, the passivated channel sheet resistance was signif-
icantly reduced and the current density was improved from
561 mA/mm to 750 mA/mm, which contributes the great
improvement in the output power density from 1.26 W/mm
to 2.1 W/mm at the same operating voltage of −30 V.

II. DEVICE FABRICATION
The diamond MOSFETs were fabricated on a (111)-oriented
single-crystal diamond substrate with a size of about
5×5×0.4 mm3. The surface root mean square (RMS) rough-
ness was measured to be about 1 nm for the measurement
area of 5 μm×5 μm by an atomic force microscopy (AFM).
The diamond surface was exposed to hydrogen plasma in
a microwave plasma chemical vapor deposition (MPCVD)
system at 700 ◦C with power of 2.2 kW for 10 minutes to
produce high density C–H bonds. Subsequently, the diamond
was cooled down to room temperature in H2 atmosphere.

After the diamond was exposed to air for more than 24 h,
a 50 nm thick Au film was deposited on the hydrogen-
terminated surface by the electron beam evaporation (EBE).
The source, drain and channel regions were protected by
the photoresist and the unmasked regions were removed
by using the KI/I2 solution. The oxygen plasma treatment
with power of 300 W was carried out for 5 minutes to
achieve device isolations with surface C-H bonds converted
to C-O bonds. Afterwards, the source-to-drain spacings were
defined by the electron beam lithography (EBL), and the Au
film was removed by wet etching in diluted KI/I2 solution.
After the electron beam resist was removed, a 50 nm thick
Al2O3 was deposited as the gate dielectric by atomic layer
deposition (ALD) at 350◦C with the trimethylaluminum and
water used as the reactants. Before Al2O3 deposition, the
diamond was annealed at 350◦C in situ for 15 minutes
to remove the surface absorbates. Afterwards, a 100 nm
thick Si3N4 was deposited as a second passivation layer
via plasma enhanced chemical vapor deposition (PECVD) at
250◦C. The T-shaped gates were fabricated by a two-step EB
lithography and selectively etching. The first EB lithography
was used to define the gate foot and the unmasked Si3N4
was etched away by inductively coupled plasma (ICP). The
second EB lithography was utilized to define the gate-head
and a 20/500 nm Ti/Au metal stack was deposited as the gate
metals. The detailed process was reported in our previous
works [14], [16]. Finally, the Al2O3/Si3N4 contact windows

FIGURE 1. (a) The cross-sectional schematic structure and (b) enlarged
SEM photo of the H-diamond MOSFET on (111)-oriented surface.

FIGURE 2. (a) The I-V curves of the ohmic electrode pairs with different
spacings, (b) the resistances of the two adjacent ohmic electrodes versus
their spacings.

were etched away by ICP and another 20/500 nm Ti/Au
metal stack was evaporated to connect the pads with the
source, drain and gate electrodes, respectively.
Fig. 1(a) shows the cross-sectional schematic structure of

the fabricated H-diamond MOSFET. The gate length LG,
gate-source spacing LGS, and gate-drain spacing LGD were
about 0.5 μm, 0.6 μm and 2 μm, respectively, as shown in
the SEM image in Fig. 1(b).

III. RESULTS AND DISCUSSION
The direct current characteristics of the H-diamond
MOSFETs were measured via an Agilent B1500A semicon-
ductor parameter analyzer. The ohmic contact characteristics
were characterized by the transmission line method (TLM).
The ohmic electrode spacings were varied from 3 μm to
7 μm with a step of 1 μm, and their widths were fixed
at 100 μm. Fig 2(a) shows the I-V curves of the electrode
pairs with different spacings. The resistances of the two
adjacent ohmic electrodes extracted from Fig. 2(a) were
well in linear relationship with their spacings, as shown in
Fig. 2(b). The ohmic contact resistance Rc was calculated as
low as 0.5 �·mm and the sheet resistance of the channel Rsh
was 7.6 k�/sq, resulting in a low specific contact resistance
ρc of 3.23×10−7 �·cm2. Comparing with that of 5.81×10−6

�·cm2 in our previous work, the ρc was dramatically reduced
by an order of magnitude [12]. It is demonstrated that a
favorable ohmic contact has been achieved on the (111)-
oriented H-diamond surface.
To characterize the carrier transport performance of

the Al2O3 passivated (111)-oriented H-diamond, the long-
channel devices with gate length of 50 μm were fabricated
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FIGURE 3. (a) The direct current output current and (b) the C-V
characteristics of the H-diamond MOSFET with gate length of 50 µm.
(c) The 2DHG density and mobility versus the gate voltage. (d) The 2DHG
density and mobility on H-diamonds with different orientations.

on the same substrate. The LGS and LGD were both 5 μm,
and the gate width was 200 μm. Fig. 3(a) shows the direct
current (DC) output curves of the long channel device and
the current density was 17.6 mA/mm at VGS = −8 V and
VDS=−20 V. The on-resistance was extracted as 380 �·mm.
As the Rc and Rsh of the ungated channel were 0.5 �·mm
and 7.6 k�/sq, the channel sheet resistance Rch under the
gate was calculated to be about 6.06 k�/sq. It indicates that
the 2DHG concentration was enhanced at VGS = −8 V and
its sheet resistance was lower than that outside the gate. The
C-V curves were measured by sweeping the gate voltage
from −8 V to 6 V in double directions at a frequency of
1 MHz, as the results shown in Fig. 3(b). It was observed
that there was a hysteresis and the flat band difference was
about 0.5 V [17], which may be attributed to the interface
states at the H-diamond/Al2O3 interface. By integrating the
C-V curve, the hole density at each gate voltage can be
obtained [18], [19]. Based on the extracted Rch of the channel
under the gate and the 2DHG density ps, the 2DHG mobility
μch under the channel can be calculated, as the formulas and
results shown in Fig. 3(c). At VGS of −8 V, the maximum
2DHG sheet density was as high as 1.0×1013 cm−2 with
a corresponding mobility of 104 cm2/V·s. With the 2DHG
density decreased to 4.6×1012 cm−2 at VGS of −3 V,
the mobility was significantly improved to 141 cm2/V·s. It
indicates that high performance 2DHG channels with high
hole concentration and high mobility can be achieved on
(111)-oriented diamonds. Fig. 3(d) demonstrates the 2DHG
mobilities versus their sheet densities for the H-diamonds
with various orientations [11], [12]. It is observed that the
2DHG density for the Al2O3 passivated (111)-oriented H-
diamond is much lower than the previous reported values

FIGURE 4. (a) The direct current output characteristics and (b) the transfer
characteristics of the H-diamond MOSFET with gate length of 0.5 µm.
(c) The on-resistance and (d) current density of the H-diamond MOSFETs
with different surface orientations.

for (111)- or (110)-oriented H-diamonds, which may be
attributed to the decrease of 2DHG density after Al2O3
passivation. However, the 2DHG mobility was significantly
improved and a low 2DHG sheet resistance of 6.02 k�/sq
was realized, which is lower than that on most (001)-oriented
H-diamonds. It implies that a low sheet resistance 2DHG
channel can be obtained on (111)-oriented H-diamond even
with Al2O3 passivation.
Fig. 4(a) shows the DC output characteristics of the

double-finger H-diamond RF MOSFET with gate length of
0.5 μm and total gate width of 100 μm. The device exhibits
a high output current density of 750 mA/mm and a low
on-resistance Ron of 24 �·mm at VGS=−6 V. The transfer
characteristics of the H-diamond MOSFET were measured
at VDS of −30 V, as the results shown in Fig. 4(b). The
threshold voltage was about 12 V and the peak transconduc-
tance was 62 mS/mm, which is much larger than those with
thicker Al2O3 gate dielectrics [20], [21]. Comparing with
those on (001)- or (110)-oriented H-diamonds, the MOSFETs
with (111)-oriented surfaces always demonstrated reduced
Ron and improved current densities, as shown in Figs. 4(c)
and (d) [10], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [23]. It indicates that the 2DHG on (111)-oriented
H-diamond demonstrates better transport characteristics,
which is beneficial for fabricating high performance
RF MOSFETs.
The off-state breakdown characteristics of the device were

measured at VGS of 18 V and a high breakdown voltage of
117 V was obtained, as shown in Fig. 5. It can be observed
that the gate leakage current before breakdown was as low
as 10−7 mA/mm, which is about four orders of magnitude
smaller than the off-state drain leakage current. However,
when the drain voltage was approaching 117 V, both the
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FIGURE 5. The breakdown characteristics of the H-diamond MOSFETs with
VGS biased at 18 V.

FIGURE 6. (a) The RF small signal characteristics and (b) the RF power
output characteristics at 10 GHz of the H-diamond MOSFET with LG of
0.5 µm.

drain and the gate leakage current demonstrated a sudden
increase, indicating the breakdown was mainly occurred on
the Al2O3 gate dielectric.
The small signal characteristics of the H-diamond

MOSFET with gate length of 0.5 μm were measured from
200 MHz to 66 GHz with a step of 200 MHz by a Keysight
N5227B vector network analyzer, as the results shown
in Fig. 6(a). When the current gain |h21|2 and maximum
available gain MAG were decreased to unit, the frequencies
were defined as the current gain cutoff frequency fT and
the maximum oscillation frequency fmax, respectively. At
VDS of −30 V and VGS of 6 V, the extrinsic fT and
fmax without de-embedding of 13 GHz and 28 GHz were
obtained. Comparing with that on the (001)-oriented diamond
in our previous work, both the fT and fmax were improved
despite the gate length was increased from 0.35 μm to
0.5 μm. However, as the T-shaped gate was employed,
the cutoff frequency fT was reduced for its significantly
increased parasitic capacitance comparing with that with a
rectangular shaped gate [20]. The measurement of power
output characteristics of the device was carried out at
frequency of 10 GHz by an on-wafer load-pull setup and
the drain and gate were biased at −30 V and 3 V,
respectively. A record high output power density of 2.1
W/mm was achieved at 10 GHz, as shown in Fig. 6(b). The
maximum gain and PAE were 4.6 dB and 6.5%, respectively.
Comparing with that in our previous work [14], the PAE was
reduced, which may be attributed to its high quiescent DC
power.

FIGURE 7. (a) The output power density as a function of the operating
frequency, and (b) the output power density versus the operating voltage
VDS of the H-diamond MOSFETs.

The output power densities of the H-diamond MOSFETs
at various operating frequencies are demonstrated in
Fig. 7(a) [10], [14], [16], [20], [21], [24], [25], [26]. It can
be observed that the output power density was decreased
with the increase in operating frequency. At frequency of
10 GHz, we achieved a record high output power density
of 2.1 W/mm attributing to the high performance 2DHG
channels on (111)-oriented diamond, which is much larger
than that of 1.26 W/mm on the (100)-oriented diamond in
our previous work. Owing to the low carrier mobility, the H-
diamond MOSFET usually demonstrates a high on-resistance
and a low current density. Thus, a high operating voltage is
usually applied to achieve a high output power density. The
power output characteristics of the H-diamond MOSFETs
operating at high frequency of 3.6 GHz to 10 GHz are
plotted in Fig. 7(b) [10], [14], [21], [23], [25]. It is obvious
that the output power density is directly proportional to the
operating voltage VDS. For the device operating at 3.6 GHz
and 10 GHz, the output power densities of 1.5 W/mm and
1.7 W/mm were obtained at VDS of −40 V, respectively.
When the VDS was increased to −55 V, the output power
density at 4 GHz was improved to 3.1 W/mm. It indicates
that the unit operating voltage contributes to an output power
density of 56 mW/mm averagely. In this work, a high output
power density of 2.1 W/mm at 10 GHz was obtained at a
much lower VDS of −30 V. The average output power density
per unit operating voltage was significantly improved to
70 mW/mm. It implies that the performance of 2DHG chan-
nels on (111)-oriented diamond outperforms that on other
orientations and a high output power density can be achieved
at a low operating voltage for its high current density and low
on-resistance.

IV. CONCLUSION
High performance H-diamond MOSFETs with Al2O3/Si3N4
bi-layer passivation and T-shaped gates have been fabricated
on a (111)-oriented single crystal diamond substrate. The
passivated 2DHG channel showed a high hole sheet den-
sity of 1.0×1013 cm−2 with a corresponding mobility of
104 cm2/V·s. Owing to the high carrier density, a low ohmic
contact resistance Rc of 0.5 �·mm was obtained. The RF
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MOSFET with gate length of 0.5 μm exhibited a high drain
current density of 750 mA/mm, a low on-resistance of 24
�·mm, a high maximum oscillation frequency of 28 GHz,
as well as a high breakdown voltage of 117 V. Attributing
to these excellent properties, a record high output power
density of 2.1 W/mm at 10 GHz was realized at a low
operating voltage of −30 V, showing a much larger average
output power density per unit operating voltage than that
on other orientations. These results indicate that the (111)-
oriented H-diamond shows great potential for high-frequency
and high-power diamond RF MOSFETs.
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