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Scaling of Hydrogen-Terminated Diamond FETs
to Sub-100-nm Gate Dimensions
David A. J. Moran, Oliver J. L. Fox, Helen McLelland, Stephen Russell, and Paul W. May

Abstract—We present the dc operation of hydrogen-terminated
diamond field-effect transistors (FETs) with gate lengths of 1 μm
to 50 nm. The 50-nm device metrics include a maximum drain
current of 290 mA/mm and a peak extrinsic transconductance
of 95 mS/mm. As the device gate length is reduced, peak intrinsic transconductance is increased substantially to a value of
650 mS/mm for the 50-nm device. A minimum Ion /Ioﬀ ratio of
∼1.5 × 104 is maintained at this reduced gate dimension. These
results appear highly promising for the improvement of hydrogenterminated diamond FET high-frequency performance through
reduction of the device gate length to sub-100-nm dimensions.
Index Terms—Diamond, field-effect transistor (FET), hydrogen
terminated, scaling.

I. I NTRODUCTION

M

OTIVATED by the highly attractive intrinsic properties
of the diamond material system [1], considerable effort
has been focused on the development of hydrogen-terminated
diamond field-effect transistors (FETs) as a high-power and
high-frequency solid-state device solution. The high-frequency
performance of diamond FETs has seen continuous improvement through the reduction of device gate length from the
original demonstration of 2-μm gate length devices [2] to more
recent gate dimensions of ∼ 100 nm [3]–[5]. To open up the
microwave- and millimeter-wave frequency bands, however,
further reduction in the gate length is required. To date, an
investigation into the device operation and impact of shortchannel effects for sub-100-nm devices has not been reported.
Realization of the full potential of this technology therefore
requires greater understanding of the impact of device scaling
to these reduced dimensions. In this letter, we report on the dc
operation and intrinsic scaling properties of 50-nm, 150-nm,
300-nm and 1-μm gate length devices.
II. E XPERIMENT
The material used for this study was CVD-grown 4.7 mm ×
4.7 mm (001)-oriented single-crystal diamond from Element
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Fig. 1. DC output (Id versus Vd with fixed Vgs ) characteristics and (inset)
SEM image of a 50-nm gate length device demonstrating resultant ohmic
contact edge roughness due to the gold etch.

Six. Hydrogen termination of the sample was performed by
exposing the diamond surface to H atoms created in a 1-kW
microwave plasma. The process flow used for device realization
is similar to that reported in [6] and is summarized as follows:
Following hydrogenation, an 80-nm-thick Au metal layer was
deposited to protect the diamond surface during device processing and to form the source and drain ohmic contacts as
described hereinafter. Each of the subsequent lithographical
stages was patterned using PMMA resist and a Vistec VB6
electron-beam lithography tool operating at 100 keV. Electrical
isolation was achieved by exposure of the diamond surface
to oxygen plasma after removal of the Au layer by KI wet
etch. Gate lines of 50 nm, 150 nm, 300 nm, and 1 μm were
written by electron-beam lithography at an exposure dose of
2000 μC/cm2 . Following development, the exposed Au layer
was wet etched to form the ohmic contacts. A 25-nm Al/25-nm
Au gate metal was then deposited through the same mask
directly onto the exposed diamond. Substantial ohmic contact
edge roughness results from this process (inset in Fig. 1) which
is found to increase with reduced gate length. To enhance
mechanical device yield, patterning and metallization of the
50-nm gate level was therefore performed as a separate level
to that for the larger gate length devices to allow the use of a
longer Au etch time during the source/drain contact formation
phase.
III. R ESULTS AND D ISCUSSION
The output characteristics of a typical 50-nm gate length
device are shown in Fig. 1. Due to the observation of
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Fig. 2. Device Vth versus gate length for Vds = −10 V and Vds = −4 V.
Although a positive shift in Vth is observed for both bias points as gate length is
reduced, the rate of change in Vth is increased for Vds = −10 V in comparison
with Vds = −4 V.

irreversible degradation to the device performance at a greater
magnitude source/drain bias which can most likely be attributed
to electrical instability of the hydrogen-terminated layer [1],
the device operation is reported down to a minimum Vds of
−10 V. The maximum drain current (Id max ) achieved was
380 ± 10 mA/mm for the 150- and 300-nm devices and
290 mA/mm for the 50-nm devices. This is comparable with
that for single-crystal hydrogen-terminated diamond FETs described elsewhere [7]. An Id max of 50 mA/mm was obtained
for the 1-μm devices. Neither gate leakage current (typically
on the order 1 × 10−5 Id in this bias range) nor variation in
access resistance can be attributed to this suppression of Id max
for the 1-μm device. The latter was determined by measurement
of transmission line method (TLM) structures fabricated on
the device sample which demonstrated a saturation current
that is independent of a TLM ohmic contact separation of
450 mA/mm. A sheet resistance Rsh of 10 kΩ/sq and an
ohmic contact resistance of 4.0 Ω · mm were also extracted
by TLM.
The threshold voltage (Vth ) (see Fig. 2) and Ion /Ioﬀ (see
Fig. 3) as functions of gate length were extracted from Id –Vgs
characteristics. Similar to that described for SiC FETs in [8],
Vth is defined at a constant Id which we take in this instance to
be 1 mA/mm and at Vds = −10 V and Vds = −4 V. Ion /Ioﬀ
is defined as the ratio of the maximum Id (Vgs = −5 V) to the
minimum Id (Vgs = +2 V) at the largest magnitude drain bias
inspected of Vds = −10 V. As the gate length is reduced, Vth
is found to shift more positively for both inspected drain bias
points. This dimension-dependent variation in Vth becomes
more pronounced as Vds is reduced from −4 to −10 V due to a
bias-associated increase in the OFF-state output conductance. A
minimum Ion /Ioﬀ of 1.5 × 104 however indicates that pinchoff
of the drain current can still be maintained down to a gate length
of 50 nm.
int
)
The dependence of the intrinsic transconductance (gm
with gate length was determined using the following expression [9]:
int
gm
=

ext
gm
ext
1 − Rs gm

(1)

Fig. 3. Device Ion /Ioﬀ versus gate length at Vds = −10 V. Little variation
in Ion /Ioﬀ occurs as gate length is reduced from 1 μm to 150 nm. Substantial
reduction in Ion /Ioﬀ occurs as gate length is reduced from 150 to 50 nm.
ext
where gm
and Rs are the device-width normalized extrinsic
ext
transconductance and total source resistance, respectively. gm
is measured directly, and Rs is defined as the sum of the source
ohmic contact resistance (Rcs ) and the lateral access resistance
through the diamond between the source and gate contacts
(Rls ). Given the substantial ohmic contact edge roughness (see
Fig. 1), significant error in the calculation of Rls can arise due to
the inability to accurately determine the effective physical separation between source and gate contacts by visual inspection.
Because of the nature of (1), such inaccuracy in the resultant
value of Rs can lead to a large variation in the calculated value
int
. In this letter, Rs is instead extracted directly from the
of gm
measured low-field axial resistance through each device (Ron )
at Vds = −1 V and Vgs = −5 V. For this process, we assume
the following: 1) the total source and drain resistances are
equal due to the symmetric positioning of the ohmic contacts
with respect to the gate and 2) the sheet resistance beneath the
gate
) when the transistor is fully on is comparable to
gate (Rsh
the sheet resistance of the air-exposed device access regions
TLM
). Ron is then
as determined by TLM measurement (Rsh
defined as
gate
Lg
Ron = 2Rs + Rsh

(2)

where each of the resistance terms in (2) is normalized to the
width of the device. To account for the variation in Id max
of 290–380 mA/mm for device gate lengths of 50–300 nm,
gate
(based
upper and lower values of 10 and 15 kΩ/sq for Rsh
upon the TLM Id max of 450 mA/mm and Rsh of 10 kΩ/sq)
int
were considered for each gate length. The calculated peak gm
gate
ext
incorporating this variation in Rsh and the measured peak gm
versus gate length are shown in Fig. 4. Data from the 1-μm
devices are excluded in this analysis due to greater uncertainty
gate
, given the substantial reduction observed in Id max
in Rsh
ext
(50 mA/mm) compared to that from TLM. Although gm
is
found to decrease slightly with gate length due to the processrelated increase in source–gate contact separation and Rs as
int
the gate length is reduced, gm
increases substantially across
gate
int
of 650 mS/mm
the inspected range of Rsh . A peak gm
is extracted for the 50-nm device. Assuming a constant gate
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However, a minimum Ion /Ioﬀ of ∼ 1.5 × 104 is maintained
for the 50-nm device across the inspected bias range. Furthermore, an increase in the device intrinsic transconductance is
deduced as the gate length is minimized, with a peak value of
650 mS/mm extracted at a gate length of 50 nm. These results
are encouraging for the potential improvement of hydrogenterminated diamond FET high-frequency performance through
scaling of the device gate length down to 50 nm.
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Fig. 4. Measured gm
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versus device gate length. In contrast to the slight reduction of gm
int increases substantially as gate
length due to increased access resistance, gm
gate
length is reduced for the inspected values of Rsh
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capacitance per unit area (Cg ) for each gate length, the velocity
of charge beneath the gate contact (vcar ) can be expressed as
vcar =

int
gm
.
Cg

(3)

This suggests an increase in the intrinsic peak carrier velocity as
int
is increased, perhaps leading
the gate length is reduced and gm
to the measured reduction in Id max for the 1-μm device. The
variation in Vth and Ion /Ioﬀ with reduced gate length further
verifies the strong dependence of the intrinsic device operation
upon the gate dimension within these devices.
IV. S UMMARY
Hydrogen-terminated diamond FETs with a gate length from
1 μm to 50 nm have been fabricated, and their dc operation
has been characterized. The 50-nm devices have demonstrated
a maximum drain current of 290 mA/mm and a peak extrinsic
transconductance of 95 mS/mm. Variations in the device threshold voltage and Ion /Ioﬀ with gate length indicate the onset of
short-channel effects as the gate length is reduced to 50 nm.
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