This article has been accepted for publication in IEEE Electron Device Letters. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/LED.2023.3261277

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

Fast Switching NO2-doped p-Channel Diamond
MOSFETSs

Niloy Chandra Saha, Tomoki Shiratsuchi, Seong-Woo Kim, Koji Koyama, Toshiyuki Oishi, Senior Member,
IEEE, and Makoto Kasu

Abstract— This letter demonstrates the fast-switching
characteristics of a normally-on NO: p-type doped diamond
metal-oxide-semiconductor field-effect transistor (MOSFET). A
very fast-switching operation was realized for a diamond
MOSFET with a turn-on (ton) and turn-off (tofr) time of as low as
9.97 and 9.63 ns, respectively. The parasitic parameters that
influence the switching time and switching loss were measured as
input capacitance, Ciss of 245 nF/mm, output capacitance, Coss 0f
732 pF/mm, and reverse capacitance, Crs of 17 pF/mm. A total
switching energy loss was determined to be only 208 pJ. This
report suggests the potential of NO2-doped diamond MOSFETSs
for prospective high-speed switching applications.

Index Terms—diamond MOSFET, dynamic characteristics,
fast-switching, NO2 p-type doping

I. INTRODUCTION

IAMOND is a potential ultrawide bandgap semiconductor
material for future high-power and high-frequency
transistors. Excellent features of diamond comprise a high
bandgap energy of 5.47 eV, high electric breakdown field of
>10 MV/cm [1,2], high thermal conductivity of 22 W/em-K
[3], and electron and hole mobilities of 4500 and 3800
cm?V7!s7! respectively [4]. Impurity doping in diamonds
results in a low carrier concentration (ps) owing to their high
activation energies (Ea). Hydrogen termination in diamond is
an alternative that showed a ps of 10'2~10" ¢m™ when
exposed to air. Hydrogen-terminated diamond (H-diamond)
field-effect transistors (FETs) demonstrated exceptional
radiofrequency (RF) capabilities with RF power densities of 2.1
and 3.8 W/mm at 1 GHz [5,6], and 4.2 W/mm at 2 GHz [7],
maximum cut-off frequency (fr) and maximum frequency of
oscillation (fua) of 70 GHz and 120 GHz, respectively [8,9].
The ps is significantly increased by NO; p-type doping in
H-diamond up to 2.4 x 10'* ¢cm™2, an order of magnitude higher
than that of air [10,11]. An Al,Oj3 layer passivation is required
to prevent the desorption of NO, molecules and attain thermal
stabilization [12]. An NO; p-type doped diamond metal—oxide—
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Fig. 1. (a) Schematic cross-section of the Al,O; passivated, NO, p-type doped
H-diamond MOSFETs. (b) Circuit diagram for the dynamic switching
characteristics measurements.
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semiconductor field-effect transistor (MOSFET) was reported
with the highest drain current density of 1.35 A/mm [13].
Furthermore, reportedly excellent RF characteristics include 2
W/mm of RF power density at 1 GHz [14]. Recently,
high-power operations of NO, p-type doped diamond
MOSFETs were demonstrated with a maximum Baliga’s
figure-of-merit of 875 MW/cm? [15] and breakdown voltages
of >2500 to 3659 V (the highest among diamond MOSFETs)
[16-18].

The static characteristics of diamond transistors have been
extensively studied [19-24], however the dynamic
characteristics are yet to be thoroughly investigated. For power
circuit applications, switching characteristics are significant for
realizing the switching behavior and the corresponding
switching losses. In this study, we present the dynamic
switching characteristics of a normally-on NO, p-type doped
diamond MOSFET. The dynamic -characteristics of the
MOSFET were realized for the first time, demonstrating a
considerably short switching time.

II. GROWTH AND DEVICE FABRICATION

Fig. 1(a) shows the schematic cross-section of a NO; p-type
doped and Al,O3 layer passivated diamond MOSFET on
misoriented diamond substrates. The misoriented (001)
diamond was grown on an Ir buffered (1120), thus A-plane,
sapphire substrate misoriented by 3.0° toward the [0001], thus
c-direction, and the diamond layer was naturally delaminated
from the sapphire substrates after the diamond growth during
cooling [25].
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An approximately 100 nm-thick homoepitaxial diamond was
grown on the misoriented diamond substrate by exposing it to
plasma of Hz and CH4in a microwave plasma chemical vapor
deposition system. The ratio of the CH4/H, was 1%. The
microwave plasma power was 750 W, and the working pressure
was 50 Torr. NO, doping was performed by exposing the
H-diamond to 2% NO- gas diluted in N2. A 50 nm-thick Au
layer was deposited on it, and the source and drain were
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Fig. 2. (a) Drain current-voltage (lp-Vps) characteristic, (b) Ip, lg—Ves
characteristics, and (c) off-state breakdown voltage characteristics of the
diamond MOSFET (Lg= 2 um, Wg= 45 pm, Lsp= 14.5 pm, and Lgp=12.5
pm).

patterned photolithographically. The active hole channel was
again exposed to 2% NO; to ensure p-type doping [15].

Using the atomic layer deposition (ALD) technique, an
Al,O5 bilayer with a total thickness of 16 nm was deposited as
the gate insulating layer and hole channel passivation layer.
Trimethylaluminum and H,O were sequentially supplied as the
source gases for Al and O, respectively. The first 4 nm thick
Al,Os layer was deposited at 120 °C and the second 12 nm thick
Al,Os layer was deposited at 230 °C. A 50 nm-thick Au layer
was thermally evaporated onto the Al,O3 layer, and the gate
was formed adjacent to the source electrode [26]. The gate
length (Lg) was 2 um, and the gate-to-drain length (Lep) and
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drain-to-source length (Lsp) were 12.5, and 14.5, respectively.
The MOSFET was bonded to a printed circuit board to prepare
a circuit for measuring the dynamic characteristics (Fig. 1(b)).
The output characteristics of the MOSFET were measured
using a Keysight 1505A power device analyzer, the dynamic
switching characteristics were measured using a Rohde &
Schwarz RTO 1004 oscilloscope, and a Keysight 81150A wave
function generator was used to apply the gate pulse.

I11. RESULTS AND DISCUSSION

Fig. 2(a) shows the static drain current-voltage (Io-Vps)
output characteristics of the diamond MOSFET. A gate voltage
(Ves) was applied from 6 to —3 V in steps of 1 V, while Vps was
swept from 0 to —10 V. The MOSFET exhibited an Ip of —61
mA/mm at Ves= —3 V. Maximum transconductance (gm) was
obtained as 21.5 mS/mm at Vgs of =3 V. The on-state
resistance (Ron) was estimated as 147 Q-mm.

The same MOSFET was separately measured at Vgs= 7 to
=7V and Vps =0 to —40 V (not shown here), and the maximum
Io was obtained as 270 mA/mm with an Ron of 138 Q-mm
(obtained from the linear region of Ip at Ves=—7 V), which is a
reasonable value for a diamond MOSFET with an Lg of 2 pm
and Lsp of 14.5 pm.

Fig. 2(b) shows the Ip-Vgs characteristics on a logarithmic
scale. The on/off ratio was 10°. The gate leakage current (Ig)
was considerably low, <10°° mA/mm. From the linear
extrapolation of the VlIpl—Vgs characteristics measured at a Vps
of —10 V, the normally-on operation was confirmed as the
threshold voltage determined as 2.31 V. The subthreshold
swing (SS) was determined to be 238 mV/dec, resulting in an
interfacial density of states (Di) of 6.4 X 102 eV'cm™ The
dielectric constant of the oxide layer was 6.2 and the oxide
capacitance (Cox) was 343 nF/cm?.

Fig. 2(c) shows the off-state Ip and Il characteristics of the
MOSFET measured at a Vesof 7 V. The high-voltage
measurement was performed by submerging the MOSFET in a
Fluorinert (FC-40) medium to avoid air arcing. The off-state
Ioand Ig values were considerably low, and a breakdown
voltage (Ver) was measured to be 1406 V.

Figs 3(a) and (b) show the turn-on (to,n) and turn-off (tos)
dynamic switching characteristics presenting the input Vgs,
output Vps and Ip. A pulse generator supplied Vs square-wave
voltage varying from —3 V (on-state) to 3 V (off-state) at 100
Hz with a duty of 1%. A DC bias (Vop) was 10.75 V and the
load resistance, R, was 100 Q. The DC bias was applied using
the dry batteries. No external gate resistor was used. The
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Fig. 3. (a)Turn-on, and (b) turn-off switching characteristics of the diamond MOSFET presenting Vs, Vps, and Ip.
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internal gate resistance, Rg, was 10.98 €, and the
gate-to-source resistance, Rgs, was ~23 GQ. The ton and tofr
values were obtained from the switching characteristics as 9.97
ns and 9.63 ns, respectively.

ton and torr can be defined as ton= tqonttr and tor= taoret tr. The
turn-on time delay (tson) Was determined as the time between
10% of Ves (= 2.4 V) and 90% of Vps (peak-to-peak). The
time-rise (t;) was the time taken to fall Vps from 90% to 10%.
Similarly, the turn-off time delay (tq.0rr) was determined as the
time from 90% of Vgs (= —2.4 V) to 10% of Vps (peak to peak).
The time-fall (t) was the time taken to rise the Vps from 10% to
90%. The tgon and tqoff Values were determined as 3.37 ns and
2.93 ns, respectively and shaded in green color in Fig. 3.
Time-rise (t;) during turn-on and time-fall (tf) during turn-off
were respectively 6.60 ns and 6.70 ns and shaded in orange
color in Fig. 3. Further, the energy loss during turn-on (Eon = Lon

Vpslpdt) was determined as 55.12 pJ and that at turn-off (Eqf
= Ji,« Voslodt) was obtained as 153.18 pJ. Consequently, the
total energy loss (Eon + Eoff) becomes 208.30 pJ.

Furthermore, for R.= 100 Q, the load line was steep with
respect to the measured drain current output (Ip-Vps)
characteristics. Consequently, in Fig. 3, Ip turns on/off
within a small variation in Vps. However, this Vps variation
and switching times increased with an increase in R.. Fig. 4
shows the ton and tofr Values as a function of the R.. The R,
was varied from 100 Q to 10 kQ. It seems that ton and tosr both
linearly increase with Ry; consequently, the power
dissipation also increases. Possibly, owing to high Ron of
the MOSFET, switching times are almost proportional to
RL.

Interelectrode capacitances were measured at a frequency
of 100 kHz, Vs of 0 V, and Vps of 10.75 V using Keysight
1505A. The gate-to-source (Cgs), drain-to-source (Cps) and
gate-to-drain (Cgp) capacitances were measured as 245
nF/mm, 715 pF/mm, and 17 pF/mm, respectively. The input
capacitance, Ciss (= Css + Cgp), was determined as 245
nF/mm. The output capacitance, Coss (= Cps + Cep), Was
obtained as 732 pF/mm. The reverse capacitance, Crss
(=Cep), was 17 pF/mm.

It is well-known in other semiconductors that parasitic
capacitances increase the switching times of MOSFET and
subsequent switching power losses. The delay time can be
explained as the charge and discharge times of Cis. Coss
accounts for an additional energy loss due to its discharge in
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Fig. 4. Turn-on and turn-off time of the diamond MOSFET as a function of load
resistance R..
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every switching cycle, and is estimated to be 1.9 nJ in this
study. The Cyss is the so-called Miller capacitance that limits
the rise and fall time. The fast-switching operation of the
MOSFET was achieved by reducing the Ciss in SiC [27].
Fast-switching characteristics (<10 ns) of the diamond
MOSFET were observed, probably owing to the low Ciss
value. The Cyss was considerably low in this study due to the
low dielectric constant (5.7) of diamond.

Although the diamond MOSFET exhibited encouraging
switching times, the development of device modules or
packaging may be required for dynamic testing at high
voltages of hundreds of volts in real applications.

IV. CONCLUSIONS

This study showed the dynamic switching characteristics of
an NO; p-type doped diamond MOSFETs for the first time with
a considerably short switching times ton, and tor of respectively
9.97 and 9.63 ns indicating possible applications of diamond
MOSFET in high-speed switching devices. The total energy
loss owing to switching was estimated to be 208 pJ. The
parasitic capacitances were measured as Cis—= 245 nF/mm,
Coss= 732 pF/mm, and C.ss~=17 pF/mm. The MOSFET exhibited
an Ip of 61 mA/mm at Vgs=—3 Vand Vps=— 10 V, with a Ron
of 147 Q:mm. The transfer characteristics showed a negligible
gate leakage current, with an SS of 238 mV/dec.
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