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ARTICLE INFO ABSTRACT

Keywords: The hydrogen plasma treatment of single crystal diamond was carried out by microwave plasma chemical vapor
H-diamond deposition equipment, and the normally-off hydrogen-terminated diamond field-effect transistors (FETs) with
MOSFET different gate lengths were prepared by atomic layer deposition (ALD) which deposited HfO, as gate oxide. We
high-k

systematically investigated the influence of hydrogen treatment duration, gate length, channel length and gate
oxide material HfO, on the hydrogen-terminated diamond FETs. Results show that the HfO, gate oxide allows
the fabricated FETs to exhibit a normally-off characteristic, which is advantageous for the practical application
of power devices. The drain-source current, threshold voltage, subthreshold swing, and I,,/Io¢ of the fabricated
diamond FETs with gate length of 5 pm are 11 mA/mm, —2.9 V, 3 mS/mm, and 106, respectively. With the
increase of the gate length (L, = 5 um, 20 um, 50 um), the drain current density, threshold voltage, and
transconductance of the devices decrease, which is due to the higher channel resistance and inhomogeneity of

Normally-off

the hydrogen surface termination.

1. Introduction

Diamond offers many outstanding physical properties such as wide
band-gap energy, high breakdown field, high thermal conductivity,
large carrier saturation velocity, low dielectric constant and high car-
rier mobility, which makes it very attractive for high-temperature,
high-voltage and high-power electronic device applications [1-3].
Diamond can be modified from insulating (intrinsic diamond) to semi-
conductive by doping boron (p-type) or phosphorous (n-type). How-
ever, the ionization energies of boron acceptors (0.37 eV) and phosphor
donors (0.58 eV) are too high to activate carriers at room temperature
(RT) which limits the wider applications of diamond in devices [3].
Landrass and Ravi found that as-grown diamond surfaces possess high
p-type surface conductivity which was generated by hydrogen termi-
nation of the surface [4]. This result can also be obtained by exposing
diamond to a hydrogen plasma. Hydrogen-terminated diamond surface
is p-type conductive which can generate hole carriers at a concentration
of approximately 1 x 10'® em™~2 [5,6]. Unfortunately, this surface
conductivity is unstable when the samples overheats or the environ-
ment becomes vacuum [7]. Some other researchers discovered that the
adsorption of NO, or O, on diamond surface increased the surface hole

concentration which improves the surface conductivity further [8].
Various physical models have been proposed to explain this intriguing
phenomenon but the responsible mechanism is still controversial
[9,10]. Despite this, diverse diamond devices have been fabricated by
using hydrogen-induced surface conductivity which have exhibited
excellent device performance. [11-14], This p-type conductive layer
exists not only in single-crystal diamond but also in polycrystalline
diamond. Obviously, single-crystal diamond will offer better electrical
properties than polycrystalline diamond due to less grain boundaries
and high purity.

Some researchers have reported different high dielectric constant
oxides such as HfO,, Al,03 and TiO, for preparing hydrogen-terminated
diamond metal-oxide-semiconductor field effect transistors (MOSFETSs)
with good performance. However, their works on single crystal dia-
mond FETs were mainly focused on depositing high dielectric constant
(high-k) gate dielectric materials [15-17], few systematic studies on the
regularity of one type gate dielectric material have been reported. In
order to understand the insight of the influence of hydrogen surface
termination on diamond MOSFETs (HfO, as gate oxide), we design
different device structures and the effects of hydrogen treatment
duration, gate length, and channel length on the device performance
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Fig. 1. (a) Fabrication routine for planar H-diamond MOSFETs. (b) Optical micrograph of the device with 10 um gate length. (c¢) Schematic cross-sectional structure
of the device. (d) The equivalent circuit diagram of the device. (e)The structure of the holder.

are investigated in this paper. The possible physical mechanism re-
sponsible for the observed phenomena is also discussed.

2. Experimental

Fig. 1 (a) shows the fabrication processes of H-terminated diamond
MOSFETs. The diamond samples for this experiment were (001) single-
crystal diamond (3 x 3 x 0.3 mm?>) with extremely low N con-
centration(< 1 ppm) and B concentration(< 0.05 ppm) which were
purchased from Element Six (UK). Before the device fabrication, the
single-crystal diamond samples were boiled in acid mixed solution

which contains equal portions of HNO3; and H,SO,4 at 200 °C for 4 h in
order to remove any surface nondiamond contamination. After this
process the diamond surface was highly insulating [15]. Then the
cleaned diamond sample was put into a microwave plasma chemical
vapor deposition (CVD) chamber for hydrogenation treatment. In order
to fix the small samples we fabricated a special holder for them. The
material of the holder is Mo and the structure of the holder is shown in
Fig. 1(e). The square inside is 5 mm X 5 mm, where we put the sample.
The flow rate of H, gradually increased to 400 sccm, the working
pressure was 60 Torr, substrate temperature was around 900 °C and
microwave power was 2 kW. The sample was cooled down in hydrogen



C. Sun, et al.

_6 L] I T T T T T T

skt (@ c>~ -
2-4 l4smax=0-020mA/mm g
ES) 3
[72] (=]
=2} ]
1t >

[

gj)
OF > -

2 0 2 4 -6 -8 -10 -12 -14 -16
Vas(V)

<l ® Vis=-14V
10
—~ < L Ion/|c>ff=103
§_4 F1o7 ]
N’
wn
= 10
(]
-2 108 6 4 2 0 -2-4-6-8-10 :
Ve(V)
OF J
10 8 6 4 2 0 -2 4 -6 -8 -10

Fig. 2. (a) I4s-Vys output characteristic curve and (b) trans-characteristic curve
of the planar H-diamond FET with channel length 20 pm, H process time
10 min. The inset is on a log-scale.

atmosphere and the process duration was set to be 5 min, 10 min,
15 min, respectively. Afterwards, for FET device patterning on the
diamond sample, an e-beam lithography technique and an electron
beam evaporation (EB) technique were used to prepare the source and
drain electrodes (Pd/Ti/Au 10 nm/10 nm/80 nm). The photoresist used
in this experiment was PMMA(polymethyl methacrylate) which was a
positive electron resist and had a high resolution. We span coat another
water-soluble conductive adhesive on PMMA, which can tackle the
challenge of the insulated substrate. The deposition rate for EB process
was 0.5 nm/s which was in favor of growing high quality films. Metal
Pd could form better ohmic contact with hydrogen-terminated diamond
which helped to improve measurement accuracy [16]. After lift-off, we
span coat another PMMA on the sample and used the e-beam litho-
graphy technique to form a mask which was used to protect hydrogen
surface. Then, the sample was put into a reactive ion etch system (RIE)
for achieving insulated O-terminated surface at the non-channel sur-
face. 30 nm HfO, gate oxide was deposited by ALD on the whole dia-
mond sample surface at 110 °C. Low deposition temperature was chosen
to protect the surface hydrogen and stablise the performance of the
devices [17]. The precursor was Hf(Net,), with water as the oxidant.
The pulse and exposure duration were 15 ms and 60 s, respectively.
After that, the sample was spun coat another 200 nm PMMA, we fab-
ricated gate metal (Ti/Au 10 nm/80 nm) with different gate lengths by
the same method. After the above steps as shown in Fig. 1(a), the
fabricated H-diamond MOSFETs are ready for measurement. Fig. 1 (b)
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Fig. 3. (a)-\/E ~V, curve and (b)g,~V, characteristics of the planar H-dia-
mond MOSFET with 20 pm channel length and 10 min H process time.

shows the optical micrograph of the device of the device with 10 um
gate length. Fig. 1 (c) represents the schematic cross-sectional structure
of the device, and Fig. 1 (d) demonstrates the equivalent circuit of the
device.

3. Discussion

Figs. 2 (a) and (b) show the direct current(DC) output performance
and the transfer characteristic, respectively for the fabricated MOSFETSs
with 20 pm channel length, 250 pum gate width and 10 min H process
time. It can be seen that this planar H-diamond MOSFET has a p-type
channel. When the gate voltage reaches —9 V, Iysmax and R,, will be
0.02 mA/mm and 4.52 x 10° Q:mm. Transistors have two important
parameters, i.e. transconductance (g,,) and threshold voltage (Vy,). The
transconductance reflects the control capability of the gate-source
voltage to the drain current, which is an important indicator to char-
acterize the amplification capability of the MOS transistor. The
threshold voltage means the transistor has just turned on, which can be
affected by the work function of gate electrodes, gate oxide material,
and thickness of gate oxide, etc.

Fig. 3 (a) shows the threshold voltage of this device is —2.9 V,
which indicates it is a normally-off p-type device. The reason why the
device is normally-off is probably the large difference of work function
between gate metal Ti (4.33 eV) and H-diamond (4.9 eV). Meanwhile,
the hole gas on the H-diamond is very weak, during devices fabrication
it could be reduced. Thus, the gate can deplete hole in the channel
without gate bias [18,20]. The drain current is lower than other
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Fig. 4. The influences of gate length on the electronic properties of the planar H-diamond MOSFETs with H process time 10 min, gate width = 250 ym, Ly = 5 pm,

20 pm, and 50 pm, respectively. (a) Igsmax ~ Lg, (b) Ron~Lg, (¢) Vin~Lg and (d) gm~Lg.
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reported MOSFETs which have the same gate length but using
Al,03(ALD)/LaAlO5(SD) as gate oxide material [19]. However, the
device in our experiment has a low Vg, which makes it easier to be
turned on. In addition, diamond devices made by the gate oxide ma-
terial such as CaF,, AIN and Al,0; were normally-on [21,23,24]. This
fabricated device has a normally-off characteristic which is necessary
for practical applications of power devices [22].

To investigate the effect of gate length on the device performance,
we obtained representative parameters (Ron, Vi, Idsmaxs 8m) by com-
paring the device performance of H-diamond FETs with a fixed gate
width at 250 um and a fixed hydrogen treatment durarion for 10 min,
but with various gate lengths at Lg = 5 um, 20 uym, and 50 pm, re-
spectively. The corresponding curves are shown in Fig. 4.

It can be seen from Fig. 4 that with the increase of gate length,
Ligsmaxs Vin and g, decrease, whilst R, increases from 6.35 x 10* Qmm
to 7.58 x 10°> Qmm. However, there is no linear relationship between
Ron and the gate length, which indicates that the hole density on the H-
diamond surface was inhomogeneous. Furthermore, in the power de-
vice MOSFETs, higher R,, means higher power consumption of the
device. As we know, R, is mainly made up of resistance between
source/drain with gate (Rsq), source/drain contact resistance R, and
channel resistance Rch[Fig. 1(d)]. Generally, R.<R., and R.<Ryq4. Rgg
and R, remain the same for different L, devices. Therefore R, is basi-
cally dependent on Rg,. Since Ro, (or Re) increases as L, increases
[Fig. 4(b)] whilst the voltage remains constant, the current between the
source and drain decreases with increasing Ly as seen from Fig. 4(a). In
Fig. 4(d), gm gets less with the increase of gate length. From Fig. 4(c),
the change of Vy, with L, indicates that L, can effectively modulate the
threshold voltage. The tendency of Ron, Vin, Idsmax and gm against Lg is
the same with the reported LaAlO3/Al,05 gated H-diamond FETs and
Al,03 gated H-diamond FETs [19,22].

Otherwise we investigate the effect of different hydrogen treatment
duration on the device performance (output characteristic and transfer
characteristic), especially gate control ability, by varying the hydrogen
treatment time from 5 min to 15 min as shown in Fig. 5.

The rate of increase of the current below the threshold voltage is
characterized by a parameter called the subthreshold slope (SS), which
is defined by the relationship:

dVg
s$§$= —>—
d(log(14))

Vg is the voltage of gate and I is the current from source to drain. The
smaller the value of ss, the easier the transition between on and off of
the device, the faster the switching speed and the smaller the power
loss. However, our device has a low switch ratio and a high subthres-
hold slope[Fig. 5(b) and (d)], which indicates the control ability of gate
is relatively poor.

From Fig. 5 (a) and (c), at the same gate voltage and drain voltage, it
can be seen that the output current is large when the hydrogen treat-
ment duration is long, and the maximum output current density is in-
creased by about 5 times if the hydrogen treatment duration increases
from 5 min to 15 min. However, the subthreshold slope is reduced from
1400 mV/dec to 856 mV/dec [Fig. 5 (b) and (d)], and the switching
ratio is increased by 10 times, indicating that the device has a higher
gate control capability for 5 min of hydrogen treatment. This is mainly
due to the longer hydrogen treatment duration facilitating the accu-
mulation of more hydrogen-induced hole carriers resulting in larger
current between the source and the drain. In the case of the same gate
oxide thickness and the device configuration, the control capability of
the gate is weakened for samples with 15 min of hydrogen treatment.

In order to further improve the control capability of the gate and
increase the drain current, we can reduce R,, by reducing Ryq in order
to increase the drain current. To this end, we have improved the con-
figuration of the device by reducing the distance (from 5 um to 0.2 pm)
between the source/ drain and the gate to reduce the value of Ryy. The
gate length and the hydrogen treatment time of the H-diamond
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Fig. 7. The optical micrograph of the testing device(a) and the C—V measurement result (b) of the device.

MOSFETs are fixed at 5 pm and 10 min, respectively.

From Fig. 6(a) and (c), we found that for devices with the same gate
configuration and the same hydrogen treatment time, the output cur-
rent increases significantly for the improved devices, mainly because of
reduced resistance between the source and the drain. After the im-
provement, at the gate voltage of —6 V, R,, reduces from
6.51 x 10* Qmm to 317 Qmm, R,, is 2 orders of magnitude smaller
than before which indicates resistance between gate and drain(source)
is dominant. And also, we find that I4s decreases at high Vg4, which
mainly caused by small distance between gate and drain. With the in-
crease of Vgs,gate voltage is partially shielded which results in reduced
Lgs. Lgsmax increases from 0.17 mA/mm to 11 mA/mm, which is well
above the Al,03/0-diamond FET devices of the same configuration
[24].

To further explore the key role of HfO,, capacity measurement has
been completed. Fig. 7(a) shows the optical graph of the testing device.
The diameter of the inside circle is 250 um. Fig. 7(b) is the measure-
ment result under 5KHz.The C,, is almost the same with pre-reported
[25], and the dielectric constants of the HfO, is calculated to be 11.1. In
theory, the flat band voltage(Vgp) is —0.45 V which is determined by
the work function difference between the H-diamond and Pd. However,
the C—V curves of our device shift to left, which indicates large positive
fixed charges in the bulk HfO, films or the interface between the H-
diamond and HfO,. Hysteresis behaviors can be found in the C—V
curves, which caused by the trapped charges in the bulk HfO, films.
Considering sputter-deposition(SD) is a good way to improve the
quality of HfO, film. This result could be mitigated by using sputtering
deposition-HfO,/ALD-HfO,/H-diamond instead of single ALD-HfO,.

Before improvement the maximum transconductance, the sub-
threshold swing, the switching ratio is 8.98 puS, 917 mV/dec,10°, re-
spectively. After device optimization, the maximum transconductance,
the subthreshold swing, the switching ratio become 740 pS, 430 mV/
dec, and 10°, respectively. It can be summarized that the improved
device gate control capability is significantly enhanced. Whilst the high
k gate dielectric materials plays a key role in determining the diamond
power device performance, the device configuration with significantly
reduced on-resistance may still dominate the device performance. The
combined efforts will need to be considered for the optimal perfor-
mance for practical power device application.

4. Conclusions

We fabricated the planar H-diamond MOSFETs with 30 nm thick
HfO, as the gate dielectrics which showed a normally-off P-channel
device behavior. The device electrical parameters Vi, Igsmax, 8m de-
crease with the increase of the gate length L. By reducing hydrogen
treatment time of the diamond surface and the resistance Rgp, we can
improve the control capability of the gate. The physical mechanism

responsible for the observed phenomena has been discussed. However,
the resultant high subthreshold swing of the device implies its high
power loss. The subthreshold swing needs to be further reduced to
obtain a device with high output current density and low power loss, for
practical applications in integrated circuits with low power loss. We
investigated the influence of hydrogen treatment duration, gate length,
channel length, on the hydrogen-terminated diamond MOSFETs, which
will provide a valuable guidance to the researches on diamond elec-
tronics.
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