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We have investigated temperature dependence (94 K–650 K) of current conduction in semi-insulating
4H-SiC epitaxial layer. The epitaxial layer was grown on highly doped n-type (0001) 4H-SiC
substrate using chemical vapor deposition with dichlorosilane precursor. The current—voltage (I-V)
characteristics exhibited steps at 1 V and 70 V that were attributed to the filling of deep level
centers by injected electrons. Correlation of the I-V characteristics with the results of thermally
stimulated current measurements showed that deep centers peaked at 242 K, 285 K, and 500 K, were
responsible for the steps in the I-V characteristics. Slow processes of the injected carrier capture on
C 2012 American
traps resulted in the I-V characteristic with negative differential resistance. V
Institute of Physics. [doi:10.1063/1.3676270]
Silicon carbide possesses a great potential for high
power, high frequency, and high temperature electronics
applications.1 Chemical vapor deposition (CVD) is usually
used to produce high quality SiC epitaxial layers for device
fabrication. Both n- and p-type SiC epitaxial layers have
been achieved by doping with mainly nitrogen and aluminum, respectively. Growth of high purity semi-insulating
(SI) epitaxial layers, essential for the development of certain
type of devices such as radiation detectors2,3 and photoswitching devices,4 represent a challenging task since the
semi-insulating property is achieved by a compensation
mechanism involving intrinsic defects and their complexes,
which are difficult to control. It is well known that electrical
properties of epitaxial layers and devices are controlled by
electrically active defects and impurities, creating deep and
shallow energy levels in the band gap. For the development
of high blocking voltage devices, it is important to understand the influence of deep levels on the device I-V characteristics, particularly on the device leakage current. The later
depend on the injection properties of a contact and current
conduction through the semiconductor itself. The current
conduction in non-conducting materials has been extensively
studied and the theory of current injection limited by spacecharge has been developed assuming Ohmic type of contacts
acting as an infinite source of free electrons.5 This theory
was deployed to interpret I-V characteristics in a large number of materials, namely CdS, ZnS, AlN, Si, SiC, etc. Note
that in practice, during development of advanced devices utilizing emergent material systems, it is often difficult to
understand what causes high leakage current. This is due to
the possible influence of a large number of factors such as
crystallographic defects, surface leakage, non-Ohmic character of contacts, barrier non-uniformity, field enhancement at
the contact edges, etc. This understanding is crucial in the
development of advanced high voltage semiconductor devices. Therefore, studies revealing the physics and signatures
of the above effects are highly demanded.
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In this study, we used a SI epitaxial layer grown on
8  8 mm2 highly doped by nitrogen 4H-SiC (0001) substrate, 8 off-cut towards ½1120 direction. The epitaxial
growth was carried out in a home-made hot-wall CVD system at 20 lm/h growth rate. Dichlorosilane (SiH2Cl2, DCS)
and propane (C3H8) were used as the precursors and hydrogen of 6 slm was employed as the carrier gas. The dilution
ratio during growth was 1000. The flow rates of dichlorosilane and propane were maintained to obtain C/Si ratio of
1.66. Before growth, in-situ hydrogen etching was performed
at 1550  C for 20 min. The growth temperature and pressure
were 1550  C and 80 Torr, respectively. No intentional dopants were used to grow semi-insulating epitaxial layer. The
as-grown epitaxial layer was 19 lm thick, with a specular
surface. The epitaxial layer was examined using Nomarski
optical microscopy to be free of morphological defects,
except for one carrot defect which was located outside the
contact area. The high frequency (100 kHz) capacitance of
the SI epitaxial layer measured using an annular mercury
probe with 0.5 mm dia contact (MSI electronics model Hg402) was low (2 pF) and remained practically constant
with applied bias indicating the semi-insulating nature of the
epitaxial layer. The results of the transfer length method
(TLM) measurement on the sister epitaxial layer confirmed
its semi-insulating property.
To perform I–V and thermally stimulated current (TSC)
measurements, nickel contacts 20 nm in thickness and
1 mm in diameter were formed on top of the epitaxial layer
using lift-off process. Before that, the sample was treated
using a standard Radio Corporation of America (RCA)
cleaning process. Ni layer deposition was accomplished
using an electron beam evaporation (e-beam) system
equipped with the Sycon Instruments model STC-200 Deposition Rate Controller that was used to control the thickness
of the deposited Ni layer.
Current-voltage characteristics of the as-deposited contacts were measured using Keithley 237 High Voltage Source
Measure Unit. The measurements were done in darkness in
the temperature range 94-650 K under vacuum <104 Torr.
The temperature of the sample was controlled by the thermal
stage and temperature controller manufactured by MMR
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FIG. 1. (Color online) Forward (a) and reverse
(b) I-V characteristics for the 1 mm dia. Ni contact to SI 4H-SiC epitaxial layer obtained at
various temperatures. The temperature tagged
to each I-V characteristic is in K.

Technologies Inc. (model numbers R2400-25 and K20,
respectively). Dual stair acquisition mode was used during
I-V measurements with 0 V default bias voltage.
The I-V characteristics of the Ni contact to the SI 4HSiC epitaxial layer obtained at various temperatures are
shown in Fig. 1. As can be seen from Fig. 1, the I-V characteristics obtained at positive and negative polarities of the
applied voltage are asymmetrical meaning that high currents
(>10 lA) were reached at much lower positive than negative
voltage. Therefore, in further discussion, we use terms forward and reverse I-V characteristics for the positive and negative polarity of the applied voltage, respectively. High
forward voltage of about 15 V indicates significant voltage
drop across the epitaxial layer. The asymmetry between forward and reverse I-V characteristics are believed to be
caused by the difference in the potential distribution at the
Ni/SI-SiC and SI-SiC/nþSiC interfaces. The suggested
energy band diagram of the studied structure in thermodynamic equilibrium at room temperature is schematically
shown in Fig. 2. This energy diagram was obtained assuming
no interface states and pinning of the Fermi level in SI SiC
close to the middle of the band gap by the partially unoccupied electron trap centers as discussed later. We used
4.0 eV for the electron affinity of 4H-SiC (Ref. 6) and
5.2 eV for the Ni work function.7 Since the I-V characteristics were measured using dual stair sequence, each I-V characteristic shown in Fig. 1 consists of two brunches
corresponding to ramping the voltage up and down. These
brunches did not coincide at temperatures <600 K resulting
in a hysteresis. The reverse I-V characteristics (Fig. 1(b))

FIG. 2. Suggested energy band diagram of the studied structure at room
temperature (deep levels in SI SiC are not shown).

exhibited step-like features. Step 1 with VS1  70 V was
observed at temperatures >200 K and step 2 with VS2  1 V
occurred at temperatures >350 K. In the theory of current
injection into solids limited by space charge,5 the step in the
I-V characteristic correspond to the ultimate filling of trap
centers with the energy Et by injected carriers, which occurs
at the applied voltage VS given by
VS ¼

qL2
 pt;0 ;
2e

(1)

 Fo 
is the concentration of trap centers
where pt;0 ¼ Ngt exp EtkT
unoccupied by the injected carriers, Et is the activation
energy of trap, k is the Boltzmann’s constant, L is the thickness of the epitaxial layer, q is the electronic charge, e is the
permittivity of the material, Fo is the Fermi energy, Nt is the
trap density, and g is the degeneracy factor. Applying Eq (1)
to the step voltages VS2  1 V and VS1  70 V, we obtained
the concentrations of the trap centers unoccupied by the
injection carriers 3  1012 cm3 and 2  1014 cm3,
respectively. The later concentration represents total trap
concentration if we assume that all traps corresponding to
step 1 were empty in the beginning of the I-V characteristic
(V ¼ 0).
The deep levels in the epitaxial layer used in this work
were characterized by TSC spectroscopy. TSC measurements were conducted in the temperature range 94–620 K in
vacuum <1  104 Torr at 0 V and 65 V bias voltages
applied to the top Ni contact. The trap filling was achieved
by illuminating the samples at 94 K using UVP model UVM57 Handheld UV Lamp specified to produce 302 nm UV
light. The detailed description of our TSC measurement setup is available in our earlier publication.8 We have used the
variable heating rate method9 to determine the trap activation
energy and capture cross-section. The details of the calculation can be found in our work8 and in the Refs. 10 and 11.
Briefly, the TSC spectra were obtained at 4 K/min, 8 K/min,
and 15 K/min heat rates revealing a given trap center by a
peak with a maximum temperature Tm at a given heat rate.
Therefore, for a given trap center, we have a set of three Tm,
which provided the Arrhenius plot for finding the trap activation energy from its slope. Using the activation energies, the
temperature independent capture cross-sections were then
found by fitting the experimental curves of TSC spectra by
the theoretical ones calculated by
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ITSC ¼

X

Ii ;

Appl. Phys. Lett. 100, 032101 (2012)

(2)

i

where ITSC is the total thermally stimulated current, i is the
discrete energy level number, and I is the current produced
by the individual discrete energy level, given by11
"
  2 !#
Ea kDt 4 Ea =kT
kT
kT
;
I ¼ I0 exp  
T e
1  4 þ 20
kT bEa
Ea
Ea
(3)
where I0 ¼ NT elAsEDt T 2 , NT is the density of the filled
traps at the beginning of the temperature ramp, e is the electronic charge, l is the carrier mobility, A is the area of the
electrode, s is the free carrier lifetime, E is the electric field,
k is the Boltzmann’s constant, T is the absolute temperature,
Dt ¼ 3  1021 rðm =m0 Þ, r is the capture cross section, m0
and m* are the electron rest and effective mass, respectively,
b is the heat rate, and Ea is the trap activation energy.
Since the TSC spectra measured at 65 V (not shown)
were strongly affected by the leakage currents, identification
of trap activation energy and capture cross section was
accomplished using TSC spectra at 0 V shown in Fig. 3.
Note that similar measurements at 0 V bias were used to
characterize deep levels in SI GaAs samples12 and the thermally stimulated current was attributed to thermoelectric
effect (TEE) caused by a small temperature gradient between
front and back surfaces of the sample (1 K across
 500 lm thick sample). Since the polarity of TEE current is
sensitive to the type of carriers, the positive peaks in Fig. 3
would represent hole traps and the negative peaks—electron
traps. We have distinguished 5 peaks (A–E) in the TSC spectra in Fig. 3. The Arrhenius plots of the traps A-D are shown
in Fig. 4. The summary of trap parameters extracted from
our TSC measurements is given in Table I. Peaks A and B
with activation energy 0.2 eV can be produced by Al, B
impurities, and complexes such as Al-related L-center with
reported ionization energies 0.23 eV, (0.23-0.28 eV), and
0.24 eV above valence band edge, respectively.13,14 Such an
assignment complies with TSC studies of SI 4H-SiC (Ref.
10) where Al related trap with Ea ¼ 0.22 eV was peaked at
105 K. We have tentatively assigned peak C at 242 K
(Ea ¼ 0.57 eV) to the Z1/2 center.10,13,14 Although the
reported activation energy of Z1/2 center (0.63–0.68 eV) and
the typical peak temperature are somewhat higher than that

FIG. 4. (Color online) Arrhenius plots obtained from TSC spectra of the SI
SiC epitaxial layer at 0 V bias voltage.

for peak C, this is the only electron trap candidate for this
peak that we were able to find in the published literature.
Peak D matches with electron trap IL1 (Ref. 15) at
(EC  0.87 eV) and capture cross-section 1  1014 cm2,
which are fairly close to that found from our TSC measurements. It is suggested that a complex involving two nitrogen
atoms (NC–Ni) or a split interstitial on C site (N–N)C produce IL1 center although VC, SiC, or Sii related defects are
also a possibility.15 Further investigation is required to find
the activation energy and capture cross section of the trap
centers associated with feature E since its peak was swamped
by high stray current. The high peaking temperature of E
center implies its high activation energy possibly close to the
middle of the band gap. The trap centers with activation
energies close to the middle of the bandgap were reported
for as grown 4H-SiC epitaxial layers15,16 and bulk SI 4H-SiC
(Refs. 8, 17, and 18) and were attributed to intrinsic defects
and their complexes.
In order to correlate the steps in the I-V characteristic
with trap centers revealed by TSC measurements, note that
the larger step voltage in the I-V characteristic correspond to
filling the trap centers with smaller ionization energy.5
Therefore, comparing the I-V characteristics in Fig. 1(b)
with TSC spectra in Fig. 3, we conclude that VS2 corresponds
to ultimate filling of trap centers E, whereas VS1 corresponds
to ultimate filling of trap centers C and D. The large

TABLE I. Trap parameters in SI 4H-SiC epitaxial layer deduced from TSC
measurements at 0 V.

Tm (K)

Activation
energy
(eV)

Capture
cross-section
(cm2)

Possible defects
or impurities

A
B

105-112
128-137

0.19
0.2

1018
—

Al, B, L-center (Refs. 13
and 14)

C

236-247

0.57

2  1016

Z1/2 (Refs. 10, 13,
and 14)

D
E

280-290
525

0.82-0.87
—

1013
—

IL1 (Ref. 15)
Intrinsic defects

TSC
peak #

FIG. 3. TSC spectra of the SI SiC epitaxial layer at 0 V bias voltage.
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currents. Correlation of I-V characteristics with the results of
thermally stimulated current measurements showed that deep
centers peaked at >500 K and at 242 K (Ea  0.57 eV) and
285 K (Ea  0.84 eV) were responsible for the steps in the
I-V characteristics. Slow processes of the injected carrier
capture on traps resulted in the I-V characteristic with NDR.
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FIG. 5. I-V characteristic with NDR obtained at room temperature.

hysteresis in forward I-V characteristic at 94 K is obviously
caused by traps A and B.
Next, we report on the I-V characteristic with negative
differential resistance (NDR) obtained for the studied structure at room temperature (Fig. 5). We suggest that the NDR
is caused by slow processes of the injected carrier capture on
traps as explained by the following. Ramping up the voltage
during I-V measurement results in the barrier lowering and
electron injection into the SI epitaxial layer. The increase of
the rate of electron injection depends on how fast the applied
voltage is ramped up. If the trapping rate of the injected curriers does not follow the injection rate increase, the current
will initially increase exceeding the steady state current. Following trap filling causes decrease of the concentration of
the injected electrons in the conduction band which results in
the current decrease and NDR.
In conclusion, we have investigated the I-V characteristics
of Ni contacts to SI 4H-SiC epitaxial layers grown by CVD
using dichlorosilane precursor. The I-V characteristics exhibited steps at 1 V and 70 V that we attributed to ultimate filling of deep levels using the theory of space-charge limited
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