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ABSTRACT In this work, the high temperature performance of a diamond Schottky PIN diode is reported
in the range of 298-873 K. The diamond diode exhibited an explicit rectification up to 723 K with an
excellent forward current density of >3000 A/cm2. The stability of the diode was investigated by exposing
the sample to high temperature cycles (up to 873 K) for more than 10 times (totaling up to 120 hours),
which exhibited no change between the I-V characteristics measured in each cycle. The dependence of
ideality factor and Schottky barrier height on temperature along with an extracted Richardson’s constant
much smaller than the theoretical value (0.0461 A/cm2.K2), motivated us to study the possible reason for
this anomaly. A modified thermionic emission model following Tung’s analysis was used to explain the
experimental observations. The model assumed the presence of inhomogeneous Schottky barrier heights
leading to a reduced effective area and yielded a Richardson’s constant closer to the theoretical value.
Conductive atomic force microscopy studies were conducted, which concurred with the electrical data
and confirmed the presence of inhomogeneous Schottky barrier heights.

INDEX TERMS Diamond, Schottky PIN diode (SPIND), high temperature operation, barrier height.

I. INTRODUCTION
Diamond as a wide bandgap (∼5.45 eV) material with
outstanding thermal properties is attractive for power elec-
tronics. Since diamond has deep level p- and n-type dopants
(boron is 0.37 eV above the valence band and phosphorus
is 0.57 eV below the conduction band), high tempera-
ture environment increases the number of activated dopants.
As a result, diamond semiconductor devices show a supe-
rior operation at high temperatures. Besides conventional
Schottky barrier diodes [1]–[4], Schottky PN and PIN diodes
(SPND/SPIND) [5]–[10] are well-known in diamond, where
the n-type and intrinsic layers are depleted by a highly
boron doped (p+) layer. This makes SPNDs/SPINDs unipo-
lar devices where the current is due to the thermionic
emission (TE) of holes [6]. The electrical characteristics of

the Schottky diode is determined by the Schottky barrier
property and can depend on the surface preparation dur-
ing the fabrication process. An imperfect surface/interface
could cause inhomogeneity leading to non-ideal diode behav-
ior in diamond similar to Si, GaN, and SiC [11]–[15].
This non-ideality includes measurement of different ideality
factors (n) and Schottky barrier heights (SBHs) at differ-
ent temperatures and also extraction of a much smaller
effective Richardson’s constant (A∗∗) using conventional
TE model. Non-ideal diode behavior due to generation-
recombination (GR) process in the depletion region was ruled
out based on the fact that almost all reported data includ-
ing ours show an n smaller than 2, and the current is
not identical in both reverse and forward sides at lower
voltages [16].
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TABLE 1. Growth conditions for i- and n-layers on (100)-oriented type IIb

boron-doped diamond substrate.

Our study therefore focused on the possibility of barrier
inhomogeneity in diamond Schottky diodes, which has been
discussed by several groups [14], [17], [18], however lacks
experimental confirmation. In this work, a diamond SPIND
was fabricated and analyzed from room temperature up to
873 K. The presence of barrier height inhomogeneity was
confirmed with experimental data.

II. EXPERIMENTAL DETAILS
N-type (<1019 cm−3 phosphorus-doped) and intrinsic dia-
mond layers were grown using CVD on the previously
grown p-type (∼1020 cm−3 boron-doped) diamond on sin-
gle crystalline substrates. The (100) boron-doped substrate
(type IIb diamond) was purchased from the Technological
Institute for Super-hard and Novel Carbon Materials, grown
by high-pressure, high temperature (HPHT) technique with
a boron-concentration of ∼ 1 × 1020 cm−3. The growth
parameters for the intrinsic and phosphorus-doped diamond
layers are detailed in Table 1.
For the fabrication of the diode structures, Al hard mask

was patterned to etch down the diamond to the middle of
the i-layer using a mixture of O2/SF6 plasma in an ICP/RIE
system to achieve mesa isolation [19]. Partially mesa etch
through the middle of the i-layer reduces the side wall leak-
age in contrast with the etch through the p-layer. After
etching of the Al hard mask, samples were immersed in an
acid mixture of H2SO4:HNO3 3:1 at 220◦C to oxygen ter-
minate the surface and remove any surface conduction. The
acid treatment improves adhesion of metal contacts. Ti/Pt/Au
50nm/50nm/150nm metal contacts were then deposited using
an e-beam metal evaporator following by a lift-off process
to pattern the contacts and annealing at 850◦C, as shown in
Fig. 1 (a). The n-side contact is on the top surface while for
the p-side we used a backside contact taking the advantage
of the conductive boron-doped substrate.
The I-V measurements were performed with Keithley 4200

(<0.1 A) and 2400 (<1 A) source/meters. One source/meter
unit (SMU) was connected to the backside contact (p-type) to
sweep the voltage and the other SMU was connected to the
top side contact (n-type) as common. A high temperature
stage (Linkam Scientific Instrument, Model T95-PE) was
used to change the temperature from 298 K to 873 K. For

FIGURE 1. (a) Schematic view of the fabricated SPIND. The n-side contact
is on the top surface and the p-contact is on the backside. (b) and (c) J-V
characteristics as a function of temperature from 298-873 K for device #1
and #2, respectively. (d) Demonstration of the cross point between 298
and 873 K currents for device #1.

the microscopic scale current measurement, an atomic force
microscope (AFM) from Asylum Research (Model MFP3D)
was used.

III. ELECTRICAL CHARACTERIZATION AND DISCUSSIONS
In Fig. 1 (b), the J-V characteristics of the SPIND (device
#1) is shown in both forward and reverse directions from
room temperature up to 873 K. The results show a rectifi-
cation factor higher than 109 at room temperature, 1100 at
673 K, and ∼1 at 873 K. Increasing the n-layer doping
slightly (>1019 cm−3) in another device (#2) resulted in
a higher rectification factor (∼20) but lower current at 873 K
(Fig. 1 (c)), which shows that the SPIND can be easily mod-
ified for either high current or high rectification operations.
As shown in Fig. 1 (d), device #1 offers a forward cur-
rent density of about 3000 A/cm2 at 8 V and shows a V2

dependence indicative of injection mode transport, which
follows the Mott-Gurney law in semiconductors [20]. The
cross point between 298 K and 873 K currents above 6.5 V
is a sign of mobility degradation due to the increased phonon
scattering that overcomes the carrier ionization at high
temperature [21], [22]. The rest of the analysis is dedicated
to device #1.
Elevating the temperature resulted in an increase in the

number of active dopants, thereby improving the forward
conduction. Fig. 2 (a) shows the specific on-resistance
(Ron.sp) at different temperatures as a function of voltage. The
Ron.sp decreased from 92 m�.cm2 at 298 K to ∼5.7 m�.cm2

at 873 K, at a bias of 1.5 V. However, at higher voltages
the Ron.sp increased slightly at higher temperatures com-
pared to its room temperature value which is attributed
to lower carrier mobility and increased substrate resistance
(Fig. 2 (b)).
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FIGURE 2. (a) Specific on-resistance (Ron.sp) vs forward voltage as
a function of temperature from 298-873 K. (b) Specific on-resistance
(Ron.sp) vs temperature at different voltages.

Since the main application of our SPIND is operating
in high temperature environments like Venus atmosphere
(∼737 K), we have exposed all the diodes to high tem-
perature up to 873 K for a long time to check the
diode functionality and contacts stability. No degradation
to diode performance has been observed after 10 cycles of
temperatures from 298 K to 873 K.
To characterize the high temperature diode behavior, the

conventional TE model (1) was used at first to extract n and
zero-bias SBH (�B0) at different temperatures [12].

I = AA∗T2exp

(
−qϕB0

kBT

)[
exp(q(V − RsI)

nkBT
− 1

]
(1)

where A is the geometric area, A∗ is the Richardson’s con-
stant, T is the temperature, kB is the Boltzmann constant,
Rs is the series resistance, and V is the applied voltage.
This model explains the conduction mechanism with an ideal
homogeneous barrier over the entire geometric area of the
Schottky contact. Theoretical A∗ is equal to λR(4πmk2

Bq/h
3),

where λR is a material related constant, h is the Planck’s
constant, and m is the electron/hole mass [23]. Using the
theoretical value of A∗ for holes (=90 A/cm2.K2), n and
�B0 were extracted at different temperatures from measured
data to characterize thermionic emission of holes through the
barrier (Fig. 3 (a)). n decreased with temperature (1.49 at
298K to 1.01 at 873K), and �B0 increased with tempera-
ture (1.11 eV at 298K to 1.51 eV at 873K). The deviations
from an n of 1 and decrease in �B0 at lower temperatures
indicated an inhomogeneous SBH over the contact area, as
has been also reported in SiC [12], [13].
According to the inhomogeneity theory, at low tempera-

tures, carriers without sufficient energy can only pass lower
Schottky barriers, while at higher temperatures, more carriers
gain sufficient energy to overcome higher barriers (covering
larger area of the diode). This leads to the measurement
of higher SBH at higher temperatures. In this case, per
Tung’s model, the behavior of the Schottky diode can be
described with an effective SBH (�eff ). In order to extract
�eff and A∗∗ a conventional Richardson’s plot was used
(Fig. 3 (b)). I0 is the reverse saturation current and equals
AA∗T2exp(−q�B0/kBT). The value of the �eff (= 0.92 eV)
and A∗∗ (=0.0461 A/cm2.K2) were found using the slope
and y-axis intercept of the linear-fitted line, respectively.

FIGURE 3. (a) Temperature dependence plot of the SBH and n for SPIND
in the temperature range of 298-873 K. (b) Conventional Richardson’s plot
of ln(I0/AT2) versus q/kT for SPIND. (c) Conventional Richardson’s plot
and A∗∗ of other reported p- and n-type diamond Schottky
diodes [5], [8], [24], [25].

FIGURE 4. (a-d) Conductive-AFM current mapping of the Schottky diode at
different forward bias voltages. The fraction of the active area is shown in
top-right of the images. (e) Experimental SBH versus n plot for SPIND in
the temperature range of 298-873 K. (f) Validation of Tung’s model
effective area using Conductive AFM current mapping. The Aeff was
calculated from (3), then multiplied by N (= 45) to compare with C-AFM
results.

The value of A∗∗ is more than 3 orders of magnitude lower
than the theoretical value (=90 A/cm2.K2) and along with
deviations from ideality suggest that the conventional TE
model cannot fully explain the diode behavior. A∗∗ also was
extracted from the high temperature data reported by other
groups and summarized in Fig. 3 (c) [5], [8], [24], [25]. All
these results show a much smaller A∗∗ than in theory.

Conductive AFM was used to measure the local cur-
rent flowing through the contact in the microscopic scale.
As shown in Fig. 4 (a)-(d), the active area was a sig-
nificantly smaller fraction of the contact surface area and
changed with the applied voltage. It is worth noticing that,
when the diameter of patches is comparable with depletion
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FIGURE 5. (a) Modified Richardson’s plot of ln(I0/N.Aeff .T2) versus q/kT
for SPIND in the temperature range of 298-873 K. The Richardson’s plot
using conventional TE model is also included for comparison.
(b) Extraction of A∗∗ from high temperature data reported by Vescan et al.
and comparison with extracted A∗∗ after applying Tung’s model [24].

width, the patches with smaller SBHs will be pinched-off
by patches with larger SBHs, which makes the simple paral-
lel model not accurate [16]. Therefore, A∗∗ was determined
by replacing the A with the actual effective area (NAeff ) in
TE model (2).

I = NAeff A
∗T2exp

(
−q�eff

kBT

)[
exp(q(V − RsI)

nkBT
− 1

]
(2)

where N is the number of active patches, and Aeff is the
effective area of one patch, which can be calculated using (3).

Aeff = 4πγ kBT

9q

(
η

Vbb

)2/3

(3)

where Vbb is the band bending potential, η is equal to εs/qNA,
and γ is the patch parameter which is expressed as

γ = (
�B0−�eff

)( η

Vbb

)1/3

(4)

The ideal case �B0 was extracted from �B0 vs n plot, by
extrapolating the linear curve to the point where the n equals
1 (Fig. 4 (e)). The ideal �B0 was 1.27 eV for 298-473 K
and 1.53 eV for 523-873 K range. η depends on carrier
concentrations, which changes with temperature in diamond
due to incomplete ionization at lower temperatures. This
makes γ and Aeff dependent on the temperature as well. γ

changes from 2.03×10−3 cm2/3V1/3 at 298 K to 1.9×10−4

cm2/3V1/3 at 873 K. Aeff varies between 2.3 × 10−9 and
1.96×10−12 cm−2 at different temperatures. Using the value
of Aeff at different temperatures, the measurement data were
fitted to (2) by changing N, A∗, Rs, and n. As shown in
Fig. 4 (f), the total effective area from the model (NAeff ) at
different bias voltages are in the same range as the values
extracted from C-AFM results in room temperature. The
offset can be due to the assumption of a constant N over
the whole voltage range.
Using modified Richardson’s plot, where area constant

was replaced by whole effective area (Fig. 5 (a)), the A∗∗
was extracted to be 81.16±18.9 A/cm2.K2, which is much
closer to theoretical value. This modified model also was
applied to the work done by Vescan et al. (Fig. 5 (b)), which

resulted in resolving the Richardson’s constant discrepancy
from their data as well and showed that Tung’s model is
also applicable for diamond p-Schottky diodes.

IV. CONCLUSION
This work highlights the high temperature operation of
diamond diodes (up to 873K). The results were analyzed
to explain the physical reason behind extracting a lower
Richardson’s constant compared to the theoretical value.
The discrepancy was explained using Tung’s barrier inho-
mogeneity model yielding A∗∗ = 81.16 ± 8.9 A/cm2.K2.
Conductive AFM studies further validated the use of the
barrier inhomogeneity model.
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