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Diamond p-Type Lateral Schottky Barrier Diodes
With High Breakdown Voltage (4612 V at
0.01 mA/Mm)
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Abstract— Diamond p-type lateral Schottky barrier
diodes (SBDs) with a 2-um-thick drift layer are fabricated
with and without Al,O; field plates. Schottky contacts com-
posed of Mo (50 nm) / Pt (50 nm) / Au (100 nm) showed
a barrier height of 1.02 + 0.01 eV and ohmic contacts of
Ti (30 nm) / Pt (30 nm) / Au (100 nm) achieved a specific
ohmic contact resistance of 1.25 + 0.98 x 10~* Q-cm?.
Their forward and reverse bias characteristics are studied
in detail. Both SBDs, with and without Al,O3 field plates,
exhibit rectifying ratios larger than 107 at room tempera-
ture, and a peak current density of 5.39 mA/mm under 40 V
forward bias at 200 °C. The leakage current density at room
temperature is stable at approximately 0.01 mA/mm for both
diodes. The SBD without the Al,O3 field plate exhibited a
breakdown voltage of 1159 V, while the SBD with the Al,O3
field plate is stable under a reverse voltage of 4612 V, which
is higher than many diamond SBDs previously reported.

Index Terms— Diamond, Schottky barrier diode, break-
down voltage, Al2O3.

[. INTRODUCTION

IAMOND is an emerging semiconductor for high-power
Delectronics with its large bandgap (Eg, 5.47 eV), large
critical E-field (Eg, 10 — 20 MV/cm), high carrier mobility
(u, up to 2100 cm?. V=L s7! for holes at low doping
concentrations (< 10 cm™3)), and high thermal conduc-
tivity (k, 22 - 24 W- cm™!'- K1) [1]. The relatively low
activation energy of p-type boron dopants (0.38 eV compared
to 0.57 eV for n-type phosphorus) and the maturation of
CVD grown boron-doped diamond motivate p-type diamond
Schottky diodes for studies [2] and high critical fields of
7.7 MV/cm [3] and breakdown voltages of 2.5 kV [4]
have been demonstrated in either vertical or pseudo-vertical
configurations. Increasing the breakdown voltages higher in
these devices require increasing the drift layer thickness [5],
which is challenging to grow experimentally [6], [7], as well
as etching deeper, which creates processing issues [8]. One
way to scale diamond SBD to higher voltage is using their
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lateral configuration, where breakdown voltages are scaled via
adjusting the distance between the anode and cathode, without
the need for a thick drift layer.

In this letter, diamond p-type lateral Schottky barrier diodes
(SBDs) with high breakdown voltage (4612 V) enabled with
contact regrowth and edge termination techniques are reported.
Forward I-V characteristics are studied using the thermionic
emission model and the Mott-Gurney relation. The SBDs
are simulated under reverse bias using Synopsys’ Sentaurus
TCAD software to investigate the effect of the field plate
structures. The simulation predicts a significant reduction in
the peak electric field with the addition of the field plate,
which agrees with the breakdown performance of diodes with
and without the field plate measured by experiments. Finally,
the lateral SBDs are benchmarked against previously reported
diamond power devices in terms of specific on-resistance
(Ron) and breakdown voltage (Viy).

[I. DEVICE FABRICATION

Fig. 1 shows the epitaxy (by microwave plasma enhanced
chemical vapor deposition (MPCVD)) and cleanroom micro-
fabrication process flow of diamond p-type lateral SBDs.
First, a 2 pum p—drift layer ((B] < 8 x 10 cm™3]) was
grown on a 3 x 3 mm? Type Ib (100) high pressure high
temperature (HPHT) diamond substrate. The RMS surface
roughness of the epitaxial layer was measured to be 7.5 nm
using optical profilometry. Then, 200 nm p*diamond ([B] ~
3 x 10%° cm™3]) was selectively grown to form the ohmic
contact region. Ohmic metal contacts were formed by e-beam
evaporation of Ti (30 nm) / Pt (30 nm) / Au (100 nm),
followed by thermal annealing at 450 °C in an ambient
of Ar gas for 50 minutes. The specific contact resistance
of ohmic contacts was determined by TLM measurements
and measured to be 1.25 #+ 0.98 x 107* Q-cm?. Next, a
300 nm Al,O3 field plate was deposited by e-beam evapora-
tion, followed by a lift-off process. Al,O3 was chosen as the
field oxide because of its high dielectric constant relative to
diamond (k=8.63 + 0.07 for the as-deposited Al,O3) that
reduces the electric field strength and a large band offset
for the oxygen-terminated diamond [9], [10]. The exposed
diamond surface was ozone treated at room temperature for
1.5 hours to obtain a stable oxygen termination prior to the
Schottky contact deposition [11]. Schottky metal stack of Mo
(50 nm) / Pt (50 nm) / Au (100 nm) was deposited by e-beam
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Fig. 1. Epitaxy and cleanroom microfabrication steps for diamond
lateral SBDs (a) p~ drift layer epitaxial growth; (b) pT™ contact layer
selective growth; (c) ohmic contacts deposition; (d) Al,O3 field plates
formation; (e) Schottky contacts deposition; (f) top view microscope
image of a fabricated diamond lateral SBD with the field plate.
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Fig. 2. (a) Forward J-V characteristics of diamond lateral SBD with and
without the field plate (FP) in semi-logarithmic and (inset) linear scales
at room temperature (RT); the dashed line represents the calculated
space charge limited conduction (SCLC) J-V relation. (b) Forward J-V
characteristics of diamond lateral SBD with and without the FP in
semi-logarithmic and (inset) linear scales at 200 °C.

evaporation. The inner and outer radii of the Al,O3 field
plate are 40 um and 80 um, respectively. The radius of the
Schottky contact is 60 um, and the separation between the
ohmic and Schottky contact is d = 80 um. The top-view
microscope image of the fabricated circular structure diamond
p-type lateral SBD with the field plate is shown in Fig. 1(f).

I11. RESULTS AND DISCUSSION

Fig. 2(a) shows the semi-logarithmic and linear (inset) J-V
curves of fabricated diamond p-type lateral SBD with and
without the Al,O3 field plate at room temperature. The SBD
without the field plate has the same Schottky to ohmic distance
d = 80 pum, and the Schottky contact radius is the same as
the inner radius of the Al,Os3 field plate. Both diodes exhibit
a rectifying ratio of 107 in the range of +/— 5 V. The linear
current densities at a 40 V forward bias are 0.049 mA/mm and
0.044 mA/mm for the SBD with and without the field plate,
respectively. The SBDs were reprocessed several times before
high-temperature and breakdown measurements and showed
good reproducibility in forward J-V characteristics. The max
difference in forward current densities at the 40 V forward bias
between four fabrication batches is 15% and 6% for the SBD
with and without the FP, respectively. The Schottky barrier
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Fig. 3.  Room temperature reverse leakage J-V characteristics of
diamond lateral SBD with and without the FP.

height (SBH) at zero bias are estimated using the thermionic
emission model from the fitting of the log-linear regions of
the forward J-V curve:

_ * 2 _q¢B
Js = A"T exp( % ) ()
qV
J =Js X [exp nkpT —1 2)

where Jg, A*, T, n, q, ¢p, and kp are reverse saturation
current density, Richardson constant (90 A cm™2 K2 for
diamond [12]), absolute temperature, ideality factor, elemen-
tary charge, SBH, and Boltzmann constant, respectively. The
extracted ideality factor for SBD with and without the field
plate is 4.77 and 3.71, respectively. The SBH estimated from
the fittings of four fabricated SBDs is 1.02 £ 0.01 eV. The
SBH is in close agreement to other Mo-diamond Schottky
contacts in lateral devices previously reported [13].

Fig. 2(a) also plots the calculated space charge limited
conduction (SCLC) current density for 10 — 40V forward
voltages in the fabricated diodes. Due to dopants incomplete
ionization at room temperature, the active hole concentration
in the drift region is estimated to be lower than 10'% cm™3.
As the applied forward bias increases, charge neutrality is no
longer maintained as injected charges accumulate in the drift
region, and the SCLC begins to dominate [14]. For a lightly
doped semiconductor, the SCLC is described by the Mott-
Gurney relation:

9 V2 3
J = gerOME 3)
where J, €, €, u, V, and d are current density, rela-
tive dielectric permittivity, permittivity of free space, carrier
mobility, voltage across the drift region and length of the
drift region, respectively. The calculated SCLC current is in
close agreement with the measured data. At 200 °C, most
acceptors become ionized and the linear current density at
a 40 V forward bias increased significantly to 5.39 mA/mm
and 5.09 mA/mm for SBD with and without the field plate
respectively as shown in Fig. 2(b).

Fig. 3 shows the reverse leakage J-V characteristics of
the SBD with and without the field plate. The diamond
wafer was submerged in 3MT™Fluorinert™electronic liquids
during reverse measurement to prevent air breakdown. The
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Fig. 4. Simulated horizontal electric field magnitude along the dashed
cutlines at 0.1 um away from the diamond-Schottky contact interface for
lateral SBD with and without FPs at a reverse bias voltage of 3 kV.

lateral SBD without the field plate broke down at 1159 V,
when leakage current drastically increased to the compliance
limit of 50 wA. After the first breakdown, reverse current
density increased at low reverse bias, which confirmed the
generation of leakage paths. No physical damage to the
Schottky contact was identified post measurement. However,
repeated breakdown measurements showed a decrease in the
breakdown voltage. The SBD with the field plate exhibited
stable leakage current up to 4612 V, which is the limit of
the Fluorinert™electronic liquids. The leakage current density
at 4612 V reverse bias is less than 0.01 mA/mm, which is
similar to that of the SBD without the field plate prior to
breakdown. The relatively high stable leakage current can be
attributed to high surface roughness of the epitaxially grown
drift layer (RMS roughness = 7.5 nm), caused by rough
polishing and random growth defects.

Fig. 4 shows the simulated horizontal electric field mag-
nitude along the dashed cutlines at 0.1 um away from the
diamond-Schottky contact interface for lateral SBD with and
without the field plate at a reverse bias voltage of 3 kV.
Synopsys Sentaurus TCAD software is used to study the effect
of the AlL,O3 field plate. An empirical mobility model [15],
impact ionization coefficients for the model of Overstracten
and Man [16], incomplete ionizations of dopants and Schottky
barrier lowering due to image forces are incorporated. Electric
field magnitude is examined across the drift region near the
metal-semiconductor interface where the electric field crowd-
ing is severe. The simulation predicts a 56% reduction in peak
electric field near the edge of the Schottky contact with the
addition of the 300 nm thick Al,O3 field plate.

Fig. 5 shows a benchmark of specific on-resistance
(Ron) vs. breakdown voltage (Vi) [13], [17], [3], [18],
[19], [20], [21], [22], [23] at room temperature. This
work exhibits a higher breakdown voltage than previously
reported pseudo-vertical and vertical SBDs, lateral MESFETS,
MOSFETs, and JEFTs.

The specific on-resistances are normalized to be 527 Q-cm?
and 534 Q-cm? for SBD with and without the field plate,
respectively. The Ron values are 3 to 4 orders of magnitude
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Fig. 5. Benchmark of the fabricated lateral SBDs compared with

previously reported diamond power devices including lateral MESFETS,
MOSFETSs and junction FETs, and pseudo-vertical and vertical SBDs
at room temperature. The leakage currents at which the breakdown is
reported are shown in the brackets.

higher than state-of-the-art pseudo-vertical and vertical SBDs.
Given the low specific contact resistance (1.25 + 0.98 x 10~
Q-cm?) of the ohmic contact, the large Ron can be attributed
to the space charge limited conduction (SCLC) and the space
charge region in p~ drift layer associated to the n-type type
Ib diamond substrate which reduces the active layer thickness
for current conduction. Ron can be optimized through a study
of the drift layer thickness and doping. A thicker channel can
increase the linear current density [20], thus lowering Ron.
The drift layer doping concentration can also be increased to
overcome SCLC and allow for a shorter drift layer.

V. CONGLUSION

In conclusion, diamond p-type lateral SBDs with and with-
out the Al,O3 field plate are reported. At room temperature,
the diodes exhibit a rectifying ratio of 107 and have forward
current densities of 0.049 (with field plate) and 0.044 (without
field plate) mA/mm at 40 V forward bias. The specific
on-resistances are 534 (without field plate) and 527 (with
field plate) Q-cm”. Under reverse bias, both diodes show
leakage current densities lower than 0.01 mA/mm prior to
breakdown. The Al,O3 field plate increases the breakdown
voltage from 1159 V to 4612 V, with no discernable effects on
the I-V behavior. The effect of the Al,O3 field plate is studied
with TCAD simulation using Synopsys’ Sentaurus software,
which predicted a 56% reduction in peak electric field mag-
nitude using the Al,Os3 field plate at a reverse bias voltage
of 3 kV. Finally, a benchmark of the lateral SBDs in terms
of specific on-resistance vs. breakdown voltage is presented.
The breakdown voltage is one of the highest so far among
p-type diamond Schottky diodes. However, further optimiza-
tions of the drift layer thickness and doping concentration are
needed to reduce Ron and get closer to the material limit of
diamond.
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