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a  b  s  t  r  a  c  t

Au/3C-SiC/p-Si/Al  Schottky  barrier  diode  was prepared  using  atmospheric  pressure  chemical  vapor  depo-
sition  technique.  The  device  parameters  such  as barrier  height,  ideality  factor,  and  series  resistance  were
calculated  using  current–voltage  characteristics,  and  were  found  to be  0.44  eV,  1.55,  and  1.02  × 104 �,
respectively.  The  photocapacitive  properties  of  the  diode  were  studied  under  various  illumination  intensi-
ties.  The  transient  photocapacitance  measurements  indicate  that  the capacitance  of  the  Au/3C-SiC/p-Si/Al
eywords:
oly 3C-SiC
iode
hotocapacitance
deality factor

Schottky  diode  is  very  sensitive  to illumination.  The  photocapacitance  of  the  diode  increases  with  increase
in illumination  intensity.  The  increase  in photocapacitance  with  increase  in illumination  intensity  sug-
gests  that  these  devices  could  be utilized  as  a photocapacitive  sensor  for optical  sensors.

© 2011 Elsevier B.V. All rights reserved.
arrier height

. Introduction

Silicon carbide is a wide bandgap semiconductor with high
hemical stability, high mechanical strength, good thermal, and
adiation stability [1–4]. These unique properties make silicon
arbide technologically very promising material for fabrication of
evices which can successfully operate in harsh environment such
s high voltage rectifiers, UV-radiation detectors, high temper-
ture gas sensors [5,6]. Silicon carbide exists in different forms
nd among them cubic polytype silicon carbide (3C-SiC) is very
mportant because of its low temperature synthesis (1473–2273 K)
ompared to hexagonal polytype (2473–2773 K), and high electron
obility (∼1000 cm2/V s) [1].  These unique properties of 3C-SiC

ave attracted considerable research interest for device fabrication
s it can be also grown on variety of substrates [5,7].

The performance of such devices strongly depends on the
uality of the metal–silicon carbide interface [7].  The device
haracteristics can be modified by interface surface morphology,
rystallinity, and defect density of silicon carbide [8].  The effect
f annealing by ArF excimer laser on the diode characteristics of

C-SiC/Si was studied [9]. It was observed that annealing with 1–3
ulsed improves the reverse current and the ideality factor of the
iode. Metal oxide semiconductor field effect transistors (MOS-

∗ Corresponding author. Tel.: +1 417 8366298; fax: +1 417 8366226.
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FETs) based on 3C-SiC on silicon substrate showed that the leakage
current of the p–n junction was  proportional to the staking fault
density [10]. The electrical properties of Au/3C-SiC/n-Si/Al Schot-
tky junction were reported recently [11]. The observed high ideality
factor in the diode was explained on the basis of charge transport
mechanism.

Recently, the structural stability as well as electronic, and opti-
cal properties of intrinsic 3C-SiC and Ni-doped 3C-SiC were studied
by the first principles calculation [12]. It was observed that for the
Ni-doped 3C-SiC, substitution of Ni in Si sub-lattice is energetically
more favorable than that in C sub-lattice. The photoresponse of the
silicon carbide based materials shows some interesting results [13].
These photodiodes displayed a low dark current and had an optical
gain of ∼97 under illumination. Sheng et al. [14] have fabricated a
photoconductive power switching device based on 3C-SiC using
chemical vapor deposition technique. The ratio of the off-state
resistance and on-state resistance was  ∼105, with the switching
efficiency of 52%.

In present study for the first time, we report the photoca-
pacitive response properties of Au/3C-SiC/p-Si/Al diode under
various illuminations. In addition, various device parameters were
investigated using current–voltage (I–V) and capacitance–voltage–
frequency (C–V–f) studies.
2. Experimental details

Poly 3C-SiC thin films were grown on p-type Si substrates using atmospheric
pressure chemical vapor deposition (APCVD) technique. The detail procedure can
be  found in previous study [11]. Briefly, 5 SLM (Standard Liter per Minute) of Ar, 1

dx.doi.org/10.1016/j.jallcom.2011.08.012
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ramguptamsu@gmail.com
mailto:fyhanoglu@firat.edu.tr
dx.doi.org/10.1016/j.jallcom.2011.08.012
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Fig. 1. (a) I–V characteristics of the Au/3C-SiC/p-Si/Al Schottky diode (inset figure shows the schematic diagram of the fabricated diode) and (b) I–V characteristics in
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ogarithmic scale.

LM of H2 and 1 SCCM (Standard Cubic Centimeter per Minute) of Si2(CH3)6 (HMDS)
ere passed for 30 min  to deposit the film. The growth temperature was  1200 ◦C. The

hickness of poly 3C-SiC was  measured by atomic force microscope (AFM) and was
ound to be 300 nm.  The Schottky contact was  fabricated with gold (Au) deposition
n the surface of poly 3C-SiC using direct current (DC) sputtering. The diameter and
hickness of the Au contacts were 1 mm and 500 nm,  respectively. Al was deposited
n  the back of Si substrate for ohmic contact. The ohmic contact was  achieved
y  vacuum annealing at 400 ◦C for 30 min. After deposition of Al contact, Au con-
act  was  prepared and the thickness of the Au contact was  measured by thickness

onitor and obtained to be 150 nm.  The current–voltage and capacitance–voltage
haracteristics of the Au/3C-SiC/p-Si/Al diode were performed with KEITHLEY 4200
emiconductor characterization system. Photocapacitive measurements were per-
ormed using a 200 W halogen lamp. The light intensity of the lamp was controlled
y change of the current across the lamp and the intensity of light was  measured
sing a solar power meter (TM-206).

. Results and discussion

.1. DC current–voltage characteristics of the Au/3C-SiC/p-Si/Al
iode

The I–V characteristics of the Au/3C-SiC/p-Si/Al diode at room
emperature are shown in Fig. 1(a). As seen in Fig. 1(a), the diode
hows rectification behavior. The rectification ratio at ±2.0 V was
ound to be 351. The charge transport mechanism in such rectifying
iodes can be analyzed by thermionic emission theory [15]

 = Io exp
(

q(V − IRS)
nkT

)  [
1 − exp

(
−q(V − IRS)

kT

)]
(1)

here V is the applied voltage, q is the electronic charge, n is the
deality factor, k is the Boltzmann constant, T is the absolute tem-
erature, RS is the series resistance and Io is the reverse saturation
urrent. The reverse saturation current Io is expressed by the fol-
owing equation [16]

o = AA∗T2 exp
(−q�b

kT

)
(2)

here A is the active device area, A* is the effective Richardson con-
tant (81.6 A cm−2 K−2 for 3C-SiC) [11] and �b is the barrier height
17]. The ideality factor and barrier height of the diode were deter-

ined and found to be 1.55 and 0.44 eV, respectively. A barrier

eight of 0.51 eV was reported for the Cu/pyronine-B/p-Si Schot-
ky diode [18]. Hanselaer et al. [19] have studied the influence of
re-evaporation surface treatments on the electrical characteris-
ics of p-Si/Au diodes. The barrier height of 0.67 eV with an ideality
factor of 2.81 were reported for p-Si/Au diode. The higher value of
ideality factor, compare to ideal value of 1, shows that the diode
exhibit a non-ideal behavior. The higher value of the ideality factor
shows the presence of inhomogeneities of Schottky barrier height
and existence of interface states, oxide layer on silicon wafer and
series resistance [20]. The ideality factor of 1.70 was observed for
SiC/p-Si heterostructures fabricated using molecular beam epitaxy
[21]. It was observed that the device fabricated on germanium-
modified Si substrate improves the ideality factor to 1.36. Lebedev
et al. [22] have reported higher ideality factor (>2) for p-3C-SiC/n-
6H-SiC heterojunctions.

The obtained higher ideality factor suggests that the transport
properties of the device could not be well defined by thermionic
emission. To better understand the mechanism that controls the
transport properties of the diode, log I–log V plot for the diode is
shown in Fig. 1(b). The charge transport mechanism was analyzed
by I = kVm relation, here m is an exponent which determines the
charge transport mechanism. At higher voltages, the log I–log V plot
shows two regions with different exponents. In the first region,
the current is changed with V3. This suggests that the conduction
mechanism is due to exponential distribution of the traps. Whereas,
in the second region, the conduction mechanism is controlled by
space charge limited current (SCLC) [23].

In order to determine the value of series resistance, we analyzed
the I–V characteristics of the diode using Norde model [24]. Accord-
ing to this model, the series resistance and the barrier height can
be determined using the following expressions

F(V) = V

�
−

(
kT

q

)
ln

[
I(V)

AA∗T2

]
(3)

where � is the integer greater than the ideality factor. Here it is
taken as 2. The I(V) is the current obtained from the I–V character-
istic of the diode. Fig. 2 shows the F(V) vs.  V plot of the fabricated
diode. The barrier height was  calculated using the expression

�b = F(Vo) + Vo − kT
(4)
� q

where F(Vo) is the minimum point of F(V) and Vo is the correspond-
ing voltage. The value of barrier height was calculated after getting
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Fig. 2. Norde plot for the Au/3C-SiC/p-Si/Al Schottky diode.

inimum of the F vs.  V plot. The value of series resistance was
alculated using the formula

S = kT(�  − n)
qI

(5)

The values of barrier height and series resistance were obtained
o be 0.43 eV and 1.0 × 104 �,  respectively. The barrier height
educed from the reverse saturation current (0.44 eV) and that
educed by Norde are in agreement with each other. Chung et al.
11] have calculated the barrier height and series resistance of
u/3C-SiC/n-Si/Al diode as 0.79 eV and 1.7 × 104 �,  respectively.
he obtained RS value is quite higher. This can be attributed to the
xistence of an interfacial insulator layer (SiO2) at interface of the
iode.

.2. AC impedance study of the Au/3C-SiC/p-Si/Al diode

In Fig. 3, we show the variation of capacitance with applied
oltage at different frequencies. As seen in Fig. 3, the capacitance
ecreases with increase in frequency. Fig. 4 shows the variation of
apacitance with frequency at different bias voltages. The decrease

n the capacitance at high frequencies depends on the ability of the
harge carriers to follow the applied alternating current (AC) sig-
al. If the C–V measurements were performed at sufficiently higher

requencies, the charge at the interface could not follow the AC sig-

ig. 3. C–V characteristics of the Au/3C-SiC/p-Si/Al Schottky diode at various fre-
uencies.
Fig. 4. C–f characteristics of the Au/3C-SiC/p-Si/Al Schottky diode at various volt-
ages.

nal [25]. It is seen in the C–V plots that these curves have a peak
in low frequency measurements. This peak could be due to the
series resistance and change in interface states which are high at
low frequency. The observed shift in the peak position at different
frequency is due to the fact that the interface states follows the
applied AC signal, whereas the change in the peak width is related
to the number of trapped carriers at interface.

The effect of voltage and frequency on the conductance of the
diode was also studied. Fig. 5 shows the conductance–voltage (G–V)
measurements at different frequencies. As seen in Fig. 5, the con-
ductance of the Au/3C-SiC/p-Si/Al diode depends on voltage as well
as on frequency. It is observed that the conductance of the diode
increases with increase in the frequency. From Fig. 3, it is evident
the C–V characteristics of the diode shows a non-ideal behavior
which may  be due to the series resistance, density of the interface
states and the formation of insulator layer between the metal and
semiconductor. In order to investigate the effect of series resistance
on the capacitance and conductance, the corrected capacitance
(CADJ) and corrected conductance (GADJ) were calculated using the
following expressions [26,27]
CADJ = [G2
m + (ωCm)2]Cm

a2 + (ωCm)2
(6)

Fig. 5. G–V characteristics of the Au/3C-SiC/p-Si/Al Schottky diode at various fre-
quencies.
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ig. 6. CADJ–V characteristics of the Au/3C-SiC/p-Si/Al Schottky diode at various
requencies.

ADJ = [G2
m + (ωCm)2]a

a2 + (ωCm)2
(7)

here

 = Gm − [G2
m + (ωCm)2]RS (8)

where CADJ and GADJ are series resistance compensated capaci-
ance and conductance, respectively. Figs. 6 and 7 show the CADJ–V
nd GADJ–V plots as a function of frequencies, respectively. It
s observed that the CADJ decreases with increase in frequency,

hereas GADJ increases with increase in frequency. This behavior
hows the presence of interface states. At lower frequencies, the
igher value of the CADJ results from the interface states, on the
ther hand at higher frequencies, the capacitance is not disper-
ive, as the charge at the interface cannot follow the fast AC signal
nd they do not contribute to the diode capacitance [28]. In the
ADJ–V and GADJ–V plots, we observe a peak in the negative bias
oltage. And the peaks shift toward the lower negative voltage with
ecrease in the frequency. These peaks may  be due to the presence
f interface states and series resistance. The series resistance of the
iode was calculated using the following equation
S = Gm

G2
m + (ωCm)2

(9)

ig. 7. GADJ–V characteristics of the Au/3C-SiC/p-Si/Al Schottky diode at various
requencies.
Fig. 8. RS–V characteristics of the Au/3C-SiC/p-Si/Al Schottky diode at various fre-
quencies.

Fig. 8 shows the RS–V–f plot of the diode. The RS–V plots indicate
a peak at the lower frequency measurements. It was observed that
the peak position shifts with the change in the frequency and the
peaks intensity decreases with increasing frequency. The shifting
in peak position is due to interface charges following the frequency
of applied voltage. The high value of series resistance at low fre-
quencies is because the interface states can follow the AC signal
and yield an excess capacitance at low frequency [29]. Bengi et al.
[30] have reported that the series resistance of GaAs/AlGaAs single-
quantum-well laser diodes decreases and capacitance increases
with the increasing temperature which can be attributed to the par-
ticular density distribution of interface states and restructuring and
reordering of interface charge at metal–semiconductor interface
with the increasing temperature.

3.3. Photo-impedance study of the Au/3C-SiC/p-Si/Al diode

The photoresponse of the diode on capacitance, conductance,
and series resistance were studied in detail. The transient photoca-
pacitance measurements were investigated at different frequencies
under 100 mW/cm2 illumination intensity (Fig. 9). As evident from

Fig. 9, the photocapacitance of the diode increases sharply when
the diode is illuminated. The photocapacitance remains almost con-
stant under the illumination. After turning off the illumination, the
photocapacitance decreases to almost its initial value. The initial

Fig. 9. The transient photocapacitance of the Au/3C-SiC/p-Si/Al Schottky diode.
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Fig. 10. C–V characteristics of the Au/3C-SiC/p-Si/Al Scho

ise in the capacitance suggests generation of more free charge
arriers at junction on illuminating the diode. The decay of the
hotocapacitance after switching off the illumination is due to
rapping of the charge carriers in the deep levels. This behavior indi-
ates that the fabricated diode exhibits a photocapacitive response.
he photocapacitance of the diode depends on the frequency of
pplied voltage under illumination. As seen in Fig. 9, the change in
apacitance with illumination is the highest under 100 kHz due the
umber of interface charges following the low frequency. Whereas,
nder 1 MHz, the change in the capacitance with illumination is the

owest due the number of interface charges non-following the high
requency. At the lower frequencies, the interface charges can be
apidly redistributed due to the frequency of applied electric field
nd in that case, a screening of the field is formed and an over-
ll reduction in the electrical field and this leads to the increase
f the capacitance. At the higher frequencies, the interface charges
o longer have enough time to rearrange inversions to the applied
oltage and so, the capacitance is reached to the minimum value
nd in that case, the diode does not exhibits a high photocapaci-
ance.

Fig. 10 shows the effect of light illuminations on the C–V mea-
urements at different frequencies. As can be seen in Fig. 10,  the
–V plots show an intersection point at about zero bias voltage.
his behavior may  be attributed to the lack of free charge charges
nder illumination. The capacitance of the diode increases with

lluminations. The capacitance is almost independent of the light
ntensity in the reverse bias voltage at low frequency, whereas it
ecame independent of the light intensity in forward bias voltage
t higher frequencies. This is due to the presence of interface states.
t is also observed that the capacitance increases with increase in
he light intensity at higher frequencies. As seen in Fig. 11,  the pho-

ocapacitance increases linearly with the light intensity at higher
requencies. This suggests that the photocapacitance mechanism
f the diode is controlled by shallow traps levels, i.e., the shallow
rap levels contribute to the capacitance [31].
Fig. 11. Variation of photocapacitance with various light intensities at different
frequencies.

The effects of light intensity on the properties of conductance
at different frequencies are shown in Fig. 12.  It was observed
that the conductance increases with increase in light intensity
in the forward bias voltage at low frequencies, where as it
increases with increase in light intensities in the reverse bias
voltage at higher frequencies. This is due to the behavior of
interface charges, which follow the alternating current signal at
lower frequencies and do not follow alternating current signal
at higher frequencies. Uslu et al. [32] have studied the effect of
illumination on electrical properties of Au/polyvinyl alcohol (Co,

Zn doped)/n-Si Schottky barrier diode. They observed that the
capacitance of the device increases with increase in illumination
intensity.
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Fig. 12. G–V characteristics of the Au/3C-SiC/p-Si/Al Schottky diode at various frequencies under dark and illuminations.

Fig. 13. CADJ–V characteristics of the Au/3C-SiC/p-Si/Al Schottky diode at 100 kHz
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Fig. 14. GADJ–V characteristics of the Au/3C-SiC/p-Si/Al Schottky diode at 100 kHz

recently [33]. The high values of series resistance at low intensity
is explained on the basis of the particular distribution of interface
nder dark and illuminations.

The effect of series resistance on the photocapacitance and
hotoconductance has been corrected and the corrected photoca-
acitance and photoconductance measured at 100 kHz are shown

n Figs. 13 and 14,  respectively. Fig. 15 shows the effect of light
ntensity on the series resistance of the diode at different frequen-
ies. As seen in Fig. 15,  the series resistance of the diode decreases
ith increase in frequency and light intensity and RS–V plots exhibit

n intersection behavior at point at about zero bias voltage. This

ehavior may  be attributed to the lack of free charges under illu-
ination.
under dark and illuminations.

The low series resistance at higher frequencies is explained as
the interface states cannot follow the AC signal and do not make
a contribution to interface states. The low value of series resis-
tance at high light intensity is due to generation of more charge
carrier. Illumination intensity effects on the electrical characteris-
tics of Al-TiW-Pd2Si/n-Si Schottky structures have been reported
states, surface preparation, inhomogeneity of interfacial layer and
barrier height at metal/semiconductor interface.
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Fig. 15. RS–V characteristics of the Au/3C-SiC/p-Si/Al Scho

. Conclusions

The device parameters of the Au/3C-SiC/p-Si/Al Schottky diode
ere determined using direct current and impedance measure-
ents. The ideality factor and barrier height of the diode were

ound to be 1.55 and 0.44 eV, respectively. The transient photo-
apacitance measurements indicate that the fabricated diode is
ensitive to light intensity. The C–V measurements under differ-
nt light intensity confirm the photocapacitive properties of the
u/3C-SiC/p-Si/Al diode. The low value of series resistance at higher

requencies and light intensities is explained on the basis of inter-
ace states and photo generation of charge carriers, respectively.
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