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ABSTRACT

Schottky barrier detectors (SBDs) require larger surface areas than conventional electronics to increase the detection efficiency although such
SBDs manifest large diode ideality factors due to inhomogeneous areal distribution of surface barrier height (SBH). Inhomogeneous SBH
distributions lead to various current flow mechanisms in SBDs, which need to be identified to optimize detector performance. In this Letter,
we identify the current flow mechanism in large area Schottky barrier diodes for radiation detection fabricated on 150 lm thick n-4H–SiC
epitaxial layers. The analysis of temperature-dependent forward current–voltage (I–V–T) characteristics of SBDs revealed two linear regions
in current–voltage curves up to 450K, one corresponding to the current flow through a low barrier patch, while the other corresponds to
that of average barrier distribution. Applying a SBH distribution model to the reverse I–V–T characteristics, an activation energy of 0.76 eV
for the current flow over the Schottky barrier was calculated. The activation energy did not directly correspond to any of the defect levels
observed from the deep level transient spectroscopy (DLTS). Above 450K, a Schottky type barrier lowering suggested a current flow through
a low barrier patch of � 0.8 eV. The absence of any SBH lowering below 450K indicated that the current corresponded to a neutrally charged
trap level at � 0.6 eV below the conduction band edge, which was consistent with DLTS measurements revealing the presence of an electron
trap level Z1/2 at 0.59 eV below the conduction band edge.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0064036

At present, semiconductor devices fabricated on the 4H–SiC epi-
taxial layer are the most suitable choice in harsh environment applica-
tions. 4H–SiC radiation detectors have demonstrated their capability
at high temperatures and high radiation fields that are normally
encountered in high-energy astroparticle physics experiments, nuclear
reactor cores, laser-generated plasma environments, and nuclear mate-
rial storage environments.1–5 4H–SiC’s success comes from its high
average displacement threshold (42 eV for Si and 19 eV for C),6 which
makes it extremely radiation hard, its wide bandgap (3.27 eV at
300K), and the high degree of crystallinity and low concentration of
structural defects in its epilayers, which enables it to achieve excellent
charge transport properties, such as a high saturation carrier drift
velocity �107 cm s�1 or high breakdown field of 2MV/cm.7–9 In gen-
eral, semiconductor optoelectronic devices require excellent transport
properties to demonstrate high energy and temporal resolution.10,11

Despite 4H–SiC’s radiation hardness and high quality of its epitaxial
layers, intrinsic and extrinsic defects due to the accumulated radiation
dose can degrade the performance of 4H–SiC detectors. These defects

act as trapping and recombination centers, which deteriorate the
charge transport properties of SiC devices.12,13 Further discussion on
the physics of radiation detection and the role of charge transport can
be found in Ref. 14. For the reasons mentioned above, existing
4H–SiC state-of-the-art radiation detectors that provide excellent
detector resolution are generally Schottky barrier detectors (SBDs) fab-
ricated on high quality epitaxial layers.7,8,15–18 A comprehensive review
on 4H–SiC as a radiation detection material can be found in a review
article by Nava et al.19

To further the versatility of these detectors, development and fab-
rication of thick epilayer detectors is on the rise as thin epilayers face
difficulty in detecting penetrative radiation, such as x/gamma rays and
neutrons.16,20 However, thick epilayers require much higher bias
voltage to fully deplete resulting in substantially more leakage current,
which is only amplified under harsh environments with high tempera-
ture. High leakage current results in poor signal-to-noise ratio, poten-
tially making the radiation induced detector signals indistinguishable
from the detector noise. Thick semi-insulating 4H–SiC has been
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considered as an alternative; however, the presence of defects in high
concentration inhibits high-resolution radiation detection.21–23 As
such, SBDs require as high surface barrier heights as possible to
minimize the leakage current. It should be noted that SBDs for radia-
tion detection are developed with larger contact areas than general
electronic devices, such as FETs or MOSFETs, to maximize the detec-
tion efficiency of the detectors as the surface (Schottky) contact area
also serves as the radiation entrance window. Nonetheless, larger
contact areas can introduce spatial inhomogeneities in the barrier
height, which can result in a reduced effective barrier height and
increased ideality factor at room temperature as well as increased
leakage current.24 In 4H–SiC SBDs, spatial inhomogeneities from low
barrier patches are often correlated with dislocations in the surface
structure originating from the bulk substrate.25,26

Temperature-dependent current–voltage (I–V–T) measurements
are a useful tool for delineating non-ideal current components from
the ideal. The technique has been applied to find low barrier patches,
inhomogeneous barrier distributions, as well as the average barrier
height in Schottky diodes with various substrates.27–29 Under reverse
bias, I–V–T characteristic-based techniques have been applied to dis-
tinguish among different leakage current mechanisms in Ga2O3

Schottky diodes.30 The present study aims to interpret the temperature
dependence of non-ideal currents in a Ni/n-4H–SiC SBD fabricated
on 150lm epitaxial layers, which are sufficiently thick to detect
59.6 keV gamma rays when fully depleted. The leakage current varia-
tion was evaluated in terms of non-ideal carrier transport models in
conjunction with the results obtained from deep level transient spec-
troscopy (DLTS) studies. DLTS is a powerful capacitance transient
measurement technique, which can be applied to extract deep defect
energy levels, capture cross sections, and trap concentrations in semi-
conductor diodes.31

The vertical Schottky barrier detectors were fabricated with circu-
lar Ni contacts of area 0.11 cm2 on 150lm thick 4H–SiC epitaxial
layers. The epitaxial layer was grown on highly conducting 350lm
thick 4H–SiC substrates. Details on the SBD fabrication process of the
detector can be found elsewhere.15 From the capacitance–voltage
(C–V) characteristics, the net donor concentration and the average
barrier height were calculated to be 2.12� 1014 cm�3 and 2.12 eV at
300K, respectively. A Keithley 237 source-measure unit was used to
record the I–V characteristics of the Schottky diode placed in a
temperature-controlled copper stage inside a JANIS VPF800 liquid-
nitrogen cryostat controlled by a Lakeshore 325 temperature control-
ler. The C-V and the DLTS measurements were carried out on the
same mounting stage with a SULA DDS-12 DLTS system consisting
of a double boxcar soft correlator module, a 1MHz oscillator for
capacitance measurements, and a capacitance meter. A detailed
description of the DLTS system can be found in our earlier work.15

Figure 1 presents the forward bias I–V characteristics of the SBD
recorded at temperatures in the range 300–600K. Based on thermionic
emission–diffusion (TED) theory, the dominant current mechanisms
in SBDs with moderately doped semiconductor regions are thermionic
emission of electrons from the semiconductor side, over the Schottky
barrier, to the metal or diffusion of electrons as a result of the electron
concentration gradient introduced by the space-charge region. The
former is more probable when the majority carrier mobility and the
net donor concentration are higher. Under appropriate electric field
conditions, both processes can simultaneously play an important

role in current transport. The way that both processes influence the
thermionic emission–diffusion current density JTED in a SDB at a spe-
cific temperature T in tandem is described by the following
equation:32,33

JTED ¼
qNCvR

1þ vR=vD
exp �/B � D/

kT

� �
exp

qV
nkT

� �
� 1

� �
; (1)

where q is the elementary charge of an electron, NC is the effective
density of states of the conduction band, /B is the Schottky barrier
height, D/ is the Schottky barrier lowering, k is Boltzmann’s constant,
and n is the ideality factor. vR (effective Richardson velocity) and vD
(drift velocity) give the relative contribution of thermionic emission vs
diffusion. vR is equal to A�T2=qNC , where A� is the effective
Richardson constant and NC is the effective density of states of the
conduction band, and vD is approximately equal to lEm in the deple-
tion region, where l is the electron mobility. The interfacial electric
field is expressed as Em ¼ qND=�ð Þ � d; where ND is the net donor
concentration, � is the dielectric constant for 4H–SiC, and d is the
depletion width. The term outside the bracket in Eq. (1) is called the
reverse saturation current I0: It can be seen from Eq. (1) that JTED is
limited by the slower process between thermionic emission and diffu-
sion. For high carrier mobility and highly doped devices, vD � lEm
� vR; and hence, Eq. (1) converges to the conventional thermionic
emission model. Under such circumstances, a semi-logarithmic plot of
the current density as a function of the bias voltage would be linear
whose slope determines the ideality factor n. However, based on the
C–V measurements of the present device, the doping concentration
and the interfacial electric field are too low for the above assumption
to be valid, and thus, the full TED model must be applied in the analy-
sis. Temperature dependent I–V traces in Fig. 1 clearly show that
above 300K and below 500K, there are two linear regions in each I–V
trace each with its own separate ideality factor. This type of behavior

FIG. 1. Forward bias current–voltage characteristics for the Ni/n-4H–SiC Schottky
barrier detector fabricated on 150 l m epitaxial layers from 300 to 600 K measured
in steps of 50 K. The ideality factors n and barrier heights UB were acquired by fit-
ting the low voltage region (LVR) and high voltage region (HVR) to Eq. (1) sepa-
rately. Only a single barrier height is given for each temperature because the
calculated barrier height is nearly identical between the two regions. The arrow
divides the LVR and HVR.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 119, 063502 (2021); doi: 10.1063/5.0064036 119, 063502-2

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/apl


has been attributed to defects distorting the barrier height distribution
effectively creating two types of barrier height distributions.34,35 This
has been observed in the I–V–T results of other 4H–SiC Schottky
diodes and is more likely to occur in diodes with larger contact diame-
ters.34,36,37 The ideality factor for the low voltage region (LVR) was cal-
culated to be 1.346 0.01 for all the temperatures up to 450K, while
that for the high voltage region (HVR) was seen to vary with tempera-
ture. The LVR disappears at high temperatures making the HVR and
high temperature regions equivalent. In the HVR, the ideality factor
was found to be as high as 1.906 0.02 at 350K and seen to decrease
with rising temperature. Interestingly, at even higher temperatures
(�500K), the ideality factor decreased from 1.27 at 500K to 1.07 at
600K. Barrier heights in the HVR increase with the increasing temper-
ature from 1.296 0.01 eV at 300K to 2.07 eV at 600K.

Let us focus on the variation of ideality factor in the HVR. The
relationship between the barrier height and ideality factor at all the
measurement temperatures, including the high temperature region, is
seen to be linear as shown in Fig. 2(a). This behavior indicates an inho-
mogeneous barrier distribution about the average barrier height
wherein the net current is the sum of all the currents passing through
each individual patches (Ii) with their own area (Ai) and surface bar-
rier height (/i).

27,35 As such, the measured barrier height is an effective
value based on the amount of current passing through each patch and
is reduced compared to the average barrier height usually obtained
from capacitance–voltage measurements as current tends to flow
through the lower barrier patches. The effective current is defined by
the Boltzmann distribution of the region’s barrier height and is given
as follows:35

I ¼
X
i

Ii ¼ A�T2 exp
qV
kT

� �
� 1

� �X
i

exp � /i

kT

� �
Ai: (2)

The above equation suggests that at relatively low temperatures the
low barrier patch (high /i) terms in the summation are the significant
contributors to the effective current. However, at high temperatures,
the pre-factor on the right-hand side fades away and the high barrier
patch terms are the ones, which become significant contributors,

causing the effective barrier height to resemble the average barrier
height. In the present detector, the ideality factor swings from �2 to
�1 in the temperature range of 350–600K, which implies that the spa-
tial variation of the Schottky barrier is substantial. This is attributed to
the combination of the larger contact area and high average barrier
height of the SBD. Since the relationship between the ideality factor
and effective barrier height of the HVR is linear, the average barrier
height can be estimated from the y-intercept at n¼ 1 of the linear fit
of the plot in Fig. 2(a). For the present detector, this is calculated to be
2.116 0.02 eV, which is nearly the same as what was acquired from
the C–V and is approximately the theoretical limit for Ni/n-4H–SiC
SBDs.

The LVR gives additional insight on the surface structure and
current flow. A plot of I0=ðNc:veff Þ vs 1=kT as displayed in Fig. 2(b)
shows a linear variation on a log scale. Based on Tung’s model,35 this
indicates the presence of a single dominant low barrier patch with a
barrier height (up) and effective area (Ap) of 0.936 0.01 eV and
2.60� 10�10 cm2, respectively. The potential impact of this low barrier
patch on the leakage current relative to rest of the surface barrier can
be evaluated by taking the ratio of the reverse saturation current of the
low barrier patch Ip0 (defined as the LVR’s I0) to the reverse saturation
current Is through the rest of the Schottky barrier (defined by the
HVR’s I0),

Ir0=Isð Þ ¼ Ap

A

� �
exp �

/p � /B Tð Þ
kT

� �
; (3)

where A (¼ 0.11 cm2) and /BðTÞ are the area of the top Schottky con-
tact and effective barrier height of the HVR at each temperature,
respectively. If the ratio is less than one, then more current passes
through the effective Schottky barrier, whereas if it is greater, more
current will pass through the low barrier patch instead. At room tem-
perature, this ratio is calculated to be on the order of 10�3 for the pre-
sent detector, implying that the leakage current passing through the
low barrier patch is comparatively negligible. However, because the
effective barrier height increases with temperature, the ratio increases
to approximately 0.5 at 400K and further to a maximum of �14 at

FIG. 2. Barrier height plotted against its corresponding ideality factor in the HVR (a) and the Arrhenius plot of the saturation current I0 divided by Ncveff of the LVR (b). The
high temperature region (� 500 K) is included as part of the HVR for (a), and the solid line is the linear fit used to acquire the average barrier height UB0. The effective carrier
velocity veff is defined as the vR=ðvR þ vDÞ term in Eq. (1).
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500K, and therefore, more leakage current will pass through the patch
instead.

Figure 3(a) shows the reverse bias leakage current of the detector
as a function of the electric field at the metal-semiconductor interface,
which is seen to be linear in the field range 20–80 kV/cm (4–80V) for
temperatures ranging from 400 to 600K. The leakage currents at 300
and 350K are nonlinear, and the current growth from 300 to 400K
has a very weak temperature dependence. In the temperature range of
400–600K, the temperature dependence of the slope of I vs Em plots,
as shown in Fig. 3(b), is observed to be exponential with an overall
activation energy of 0.766 0.02 eV. If the leakage current were solely
due to the current passing through the low barrier region, one would
expect the activation energy to match the barrier height of the LVR
(0.93 eV). Another possible explanation for the observed linearity in
the leakage current vs electric field plot is that deep level defects are
assisting in the transport of electrons through the space charge region.
Through a process of being repeatedly trapped and de-trapped, elec-
trons will slowly drift in the direction of the electric field and, thus, the

current will vary linearly with the electric field. This type of current
transport is generally referred to as the Poole-Frenkel (PF) emission
and is mathematically described as below:38,39

JPF ¼ qln0Emexp �
/t � D/

kT

� �
; (4)

where ln0 is the mobility-carrier density product, /t is the trap barrier
height measured from the conduction band edge (CBE), and D/ is the
barrier lowering. The above-determined activation energies of
0.6–0.7 eV usually indicate the presence of Z1/2 traps generally linked
to carbon vacancy related complexes.40–42 However, 0.76 eV is rela-
tively high for Z1/2. This value is closer to the S2 trap corresponding to
silicon vacancies, but this level is unlikely to appear in as-grown epi-
layers due to its extremely high formation energy.43,44

To identify whether any other defect is responsible for a possible
defect assisted electron transport, DLTS studies were carried out in the
detector under investigation. Capacitance-mode DLTS spectra were
acquired using a steady-state bias of –5V and a 0V filling pulse of the
1 ls width. Spectra were acquired using correlator delays from 0.5 to
100ms over the temperature range of 80–750K in steps of 1K, which
can resolve a wide range of defects with activation energies ranging
from 0.15 to 1.8 eV. The DLTS scans simultaneously acquired for four
correlators are shown in Fig. 4(a), showing 4 peaks marked as Ti(c),
EH1, Z1/2, and EH6/7. The corresponding Arrhenius plots for all the
peaks are shown in Fig. 4(b). The first peak corresponds to
0.196 0.01 eV below the conduction band is related to titanium impu-
rities at the cubic silicon site.45 The central peak is identified as Z1/2 at
0.596 0.01 eV below the CBE, and its left shoulder at 0.486 0.01 eV
is likely the EH1 trap center reported by Castaldini et al.46 The fourth
peak labeled EH6/7 in Fig. 4(a) was calculated to be located at
1.356 0.03 eV below the CBE.47 This is relatively low for EH6/7.

However, the corresponding trap concentration is practically identical
to that of Z1/2 (� 2� 1011 cm�3) and no other defects with higher
energy were observed in this detector. Since both Z1/2 and EH6/7 are
usually correlated and attributed to two different charge states of the
carbon vacancy, the most reasonable assignment of this level is
EH6/7.

44,46–49 It is clear from the above results that 0.76 eV does not
directly correspond to any deep level displayed in the DLTS spectrum.

The nature of the current transport can be further interpreted
from its barrier lowering, which is proportional to the square root of
the electric field and expressed by32,38,39

D/ ¼ 1
m

ffiffiffiffiffiffiffiffi
qEm
p�

r
: (5)

In the above equation,m is the barrier lowering parameter and � is the
electrical permittivity of the semiconductor. The value of m � 2
implies Schottky lowering, whereas m � 1 indicates Poole–Frenkel
lowering. Thus, the barrier lowering can be evaluated from the
lnðJ=EmÞ vs E1=2

m plot, which is presented in Fig. 5. From the linear fit
to the plot, m is found to be greater than 4 up to 450K. For compari-
son, in the electric field range considered, the barrier lowering is
expected to be� 0.04–0.05 eV form¼ 1. In terms of trap-assisted con-
duction, this indicates that the defect lacks a Coulombic potential and,
therefore, must be neutrally charged when empty.48–51 At 500 and
550K, the barrier lowering parameter is approximately 2, indicating
Schottky lowering. At 600K, it is 1.48 indicating a combination of

FIG. 3. Reverse bias leakage current as a function of the electric field at metal–
semiconductor interface on a log –log scale (a) and the Arrhenius plot of the slopes
of each I–V trace from 20 to 80 kV/cm (b). The solid lines in plots are the linear fit
to the data points, whereas the dashed and dotted lines in (b) correspond to linear
fits over a reduced temperature range marked by the braces.
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different types of lowering. Overall, this suggests that the linear
increase in the reverse leakage current with the increasing electric field
below and above 450K is the results of two separate, possibly overlap-
ping, phenomena. Indeed, if the range of the Arrhenius plot in Fig.
3(b) is adjusted to exclude 400K, the activation energy increases to
0.806 0.01 eV—even more so if both 400K and 450K are excluded
from the fitting. Conversely, the activation energy decreases to 0.71 eV
if the data points corresponding to 550 and 600K are excluded from
the fitting. The activation energy of 0.76 eV is likely the average of a
low barrier patch—possibly the same as extracted from forward bias
characteristics—of barrier height> 0.8 eV and an additional current
source with activation energy< 0.7 eV prevalent at	 450K. Since lin-
earity is observed up to 80 kV/cm, the source of the low barrier patch
could be a threading dislocation with reduced mobility compared to
the bulk mobility. Given the probable activation energy and the lack of
barrier lowering, the source of the leakage current from 400 to 450K
could be Z1/2 assisted, which corresponds to the neutral carbon
vacancy when empty.50 We conclude that linear behavior with the
electric field and temperature dependence of the leakage current is the
result of a combination of leakage current through a low barrier patch
and conduction from Z1/2 found in the DLTS spectrum. The two
effects were differentiated from the temperature dependence of the
barrier lowering.49,50
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