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ABSTRACT

In this study, the reduced graphene oxide (rGO) was synthesized from graphene
oxide (GO) by using chemical reduction method. The spray pyrolysis technique
was used to deposit rGO film on n-InP substrate. The structural, morphological,
and optical properties of rGO film were investigated by XRD, SEM, and UV-Vis
spectroscopies. Au/rGO/n-InP device was fabricated and the current-voltage
characteristics were examined in the temperature range of 60-300 K. The device
parameters of barrier height (BH) and ideality factor are found to be strong
functions of temperature due to the barrier inhomogeneities at metal-semi-
conductor interface. The temperature dependency of the electrical characteris-
tics of the Au/rGO/n-InP SBD was explained by the thermionic field emission
(TFE) theory with Gaussian distribution (GD) of the BH values. The BH has a
GD with a mean barrier height of @, = 0.93 eV between 120 and 300 K tem-
peratures and @y, = 0.62 eV between 60 and 120 K temperatures. It was seen
that the existing current mechanism is predominantly controlled by space-
charge-limited current (SCLC) at large forward bias according to the sample
temperature. The rGO interface plays also an important role in the conduction
mechanism and electronic properties of the device.
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extensively explored in electronic circuit industry. On
the other hand, the zero-band gap of graphene limits

1 Introduction

Graphene, as a 2D material, is the most attractive
member of carbon-based materials due to its signifi-
cant electrical, optical, and mechanical properties [1].
Moreover, graphene is the strongest, stiffest and
thinnest material ever known with ultra-large specific
surface area. As a result, graphene-based composites,
2D film materials, and coated substrates are
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its use in nano-electronics, such as field-effect tran-
sistors [2]. Recently, the graphene oxide (GO) and
reduced graphene oxide (rGO) have become the
standard graphene precursors because a gradual
reduction of oxygen concentration of graphene oxide
is known as an alternative way to tune the band gap
of graphene.
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Many graphene synthesis methods have been
developed academically and industrially and still in
progress. The most usual methods are obtaining
graphene by chemical reduction, such as sodium
boron hydride or hydrazine or by thermal reduction
of graphene oxide by exposure to high temperatures
which is called reduced graphene oxide (xGO) [1].
While the graphene oxide is reduced to reduced
graphene oxide by thermal method, the sample needs
to be annealed at approximately 2000 °C. However,
such annealing at high temperatures is not suit-
able for all substrates types [3]. On the other hand,
low-temperature annealing (< 500 °C) cannot remove
the oxygen functional groups at all, that is, thermal
annealing may not be a suitable method when con-
sidered alone. Poorali et al. compared chemical and
physical reduction methods to prepare layered gra-
phene with graphene oxide and found that the
modified graphene by hydrazine hydrate treatment
had the best structural properties among others [4].

Metal-semiconductor (MS) devices are very
important for electronic device applications and they
are mostly used as rectifiers, inverters, photodiode,
field-effect transistors (FETs), solar cells, and pho-
todetectors [5]. Among III-V semiconductors, indium
phosphide (InP) has attracted much interest due to
increasing demand in the microelectronics industry
for suitable optoelectronic and fast-switching devices
[6]. In addition, InP preferred as an alternative to Si in
MS contacts because of its high electron mobility and
direct band gap [7]. So, InP-based materials have a
wide range of uses in optoelectronic (solar cells and
detectors) and microwave (field-effect transistors)
devices. However, serious drawbacks of InP sub-
strates in MS devices (especially n-type) are the low
Schottky barrier height of metal contacts and the
difficulty in surface quality control, which result in
increased Schottky leakage currents and a degrada-
tion of the device performance.

In MS Schottky devices, the electrical and elec-
tronical properties of these devices can be changed by
adding an interlayer between the metal and the
semiconductor [8, 9] and their performance highly
influenced by the interface film quality [10]. It is
reported that the junctions formed from reduced
graphene oxide have a rectifying feature [11]. For
example, the rGO-Rh101 nanocomposite/p-Si
heterojunction was fabricated and it exhibited good
rectifying behavior [12]. The ideality factor and bar-
rier height values of this device were calculated from
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the current-voltage measurements and the barrier
height was confirmed to be inhomogeneous. In
another study, Azmi et al. produced back-to-back
rGO/Si Schottky device. Series resistance, barrier
height, and ideality factor were investigated from the
current-voltage (I-V) measurements at different
temperatures and they found that the barrier height
of rGO/Si Schottky structure was inhomogeneous at
the interface [13]. A Gaussian distribution was
observed with mean barrier height of 1.23 and
0.16 eV, respectively. Pandit et al. reported the char-
acteristics of reduced graphene oxide rGO/GaN
Schottky structure performed at various tempera-
tures and they indicated that reduced graphene oxide
interlayer was a promising material as a transparent
conductive electrode for high-performance UV pho-
todiodes [14].

The most important property of the graphene-
based Schottky contact is that barrier height can be
adjusted by changing the graphene working function
by chemical doping. This advantage not only makes
it easy to design and change the electrical character-
istics of the diode but also allows them to be used as
chemical sensors and photodetectors [13]. However,
despite these important properties of graphene, little
is known about graphene-based Schottky barrier
diode (SBD), their electrical properties, and device
performance. On the other hand, a verified theory has
not yet been developed for organic film-based
Schottky diodes with an inhomogeneous Schottky
contact [15]. Also, the analysis of the forward bias
current-voltage (I-V) characteristics of SBD parame-
ters only at room temperature does not provide
detailed information about their current conduction
mechanism and barrier formation at metal-semicon-
ductor interface [16]. In addition, only the tempera-
ture-dependent I-V measurements in a wide
temperature range gives enough information to
determine the current conduction mechanisms of
SBDs. In addition, the I-V characteristics of the MS
contacts usually deviate from the ideal thermionic
emission (TE) current model [7, 17-19], which reveals
a decrease in the barrier height (BH), while an
increase in the ideality factor with decreasing tem-
perature qq. Especially, the decrease in the BH at low
temperatures leads to nonlinearity in the activation
energy plot and this behavior can be attributed to the
presence of Schottky barrier height (SBH) inhomo-
geneity [17, 20, 21]. On the other hand, the current
across the MS contact is greatly influenced by the
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presence of the SBH inhomogeneity [20, 21]. In such
case, the charge carriers flow through the lower
barriers/patches at low temperatures; therefore, TE
theory reveals high n values. Thus, several other
conduction mechanisms, such as thermionic field
emission (TFE), field emission (FE), generation-re-
combination, tunneling, space-charge-limited current
(SCLC), and trap-charge-limited current (TLCL)
[22-24], and also the Gaussian distribution of the
barrier height contributes to the MS current [19, 25].

In addition, there are few studies [13, 26] of a
detailed analysis about the temperature-dependent I-
V' characteristics of graphene-based InP Schottky
devices. This is important for better understanding of
reduced graphene oxide role in the interface of the
metal-semiconductor Schottky devices. Herein, the
aim of this study is to examine the reduced graphene
oxide film structure in detail and to investigate the
temperature-dependent I-V characteristics of the Au/
rGO/n-InP Schottky device in a wide temperature
range for technological applications. Current trans-
mission mechanisms of Au/rGO/n-InP Schottky
were investigated and explained.

2 Experimental

In this study, reduced graphene oxide was produced
from graphene oxide by a chemical reduction
method. For reduction of the graphene oxide, firstly,
1 g of graphene oxide powder was dispersed in
100 ml of deionized water and mixed for 24 h at
30 °C in a beaker with a magnetic stirrer, then treated
for 3 h in an ultrasonic bath. After ultra-sonication,
30 mL of hydrazine hydrate (N,H,.H,O) was added,
and the mixture was placed in an oil bath, stirred,
and maintained at 90 °C on a hot plate magnetic
stirrer for 24 h. The mixture was left to cool at room
temperature. After this duration, the mixture was
first washed with acetone, then washed with deion-
ized water, and finally filtered. The color of the
mixture indicates that reduced graphene oxide was
obtained when the color changed from dark brown to
black (Fig. 1). After this process was repeated twice,
the material remaining in the filter was dried in the
oven at 80 °C for 24 h and reduced graphene oxide
was obtained in powder form.

Produced reduced graphene oxide was dispersed
in deionized water, dimethylformamide (DMF), and
DMF/DI (1/1%) solvents. Au/rGO/n-InP Schottky
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barrier diode (SBD) was fabricated by using n-InP
(100) wafer. To remove the impurities and surfaces
damages, n-InP semiconductor was degreased in
trichloroethylene, acetone, and methanol for 5 min
each step by using ultrasonic agitation, and etched
with hydrofluoric acid (48%) and H,O solution (1:10)
within 1 min. It was washed quickly with deionized
water and dried well with nitrogen (N,) gas. 99.9%
purity of indium metal (In) was formed with thick-
ness of 150 nm at a pressure about 10™° mbar in
NANOVAK NVTH-350 high vacuum system and
ohmic contact was performed by annealing at 350 °C
for 1 min under N, atmosphere. The InP substrate
with ohmic contact was divided into two parts: One
part was used to produce the reference Au/n-InP/In
diode, and the other part was covered with reduced
graphene oxide film to produce the Au/rGO/n-InP
diode.

The reduced graphene oxide film was deposited by
spray pyrolysis technique with Holmarc’s HD-TH-04
Spray Pyrolysis system. The rGO film was deposited
on the substrates with a thickness of 100 nm. The
deposition temperature was 200 °C and compressed
and filtered air was used as carrier gas. The distance
between the nozzle and the substrate was 30 cm. The
reduced graphene oxide film was simultaneously
grown onto both glass and InP semiconductor sub-
strates and dried at 100 °C for 15 min under N, gas
flow. According to spectroscopic and morphological
analyses, it was determined that reduced graphene
oxide was successfully coated on semiconductor
surface. Schottky junction was formed by using Au
(99.9%) metal deposited on the rGO film as circular
dots with 150 nm thickness (0.5 mm diameter) under
107° mbar by vacuum evaporation system. Schematic
diagram of Au/rGO/n-InP device is given in Fig. 2.
The XRD pattern was collected on a XRD diffrac-
tometer using Cu Ko (4 = 1.5406) as the X-ray source
at a scanning rate of 1 ° min~' and generator voltage
and current was 40 kV and 30 mA, respectively. The
surface morphology of the reduced graphene oxide
film was carried out by Zeiss Supra 50 VP Scanning
electron microscopy (SEM). The optical absorption
and transmittance of reduced graphene oxide film on
glass substrate were performed using Perkin-Elmer
Lambda 25 UV-VIS. spectrophotometer. The -V
measurements of the Au/rGO/n-InP Schottky bar-
rier diode (SBD) was obtained by using a Keithley
2400 and a 6514 Keithley electrometer. The tempera-
ture dependent I-V measurements were performed
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Fig. 1 Chemical reduction of graphene oxide to reduced graphene oxide

n-type InP

rGO film obtained
by spray phyrolysis

In ohmic contacts

Fig. 2 Schematic diagram of Au/rGO/n-InP device

by using He cryostat with 10 K temperature steps at
60-300 K temperature range under dark conditions.

3 Results

The structural and optical characteristics of the
reduced graphene oxide film were analyzed by using
X-ray diffraction (XRD), scanning electron micro-
scopy (SEM), and absorbance-transmittance mea-
surements. The XRD spectra show that the rGO film
has a strong diffraction peak at 26.5369 for the (002)
lattice plane as shown in Fig. 3. It shows highly
crystalline nature of reduced graphene oxide and the
interplanar spacing (d) value calculated from Bragg’s

002

Intensity (a.u.)

rGO

0 S
20 (degree)

Fig. 3 XRD spectra of reduced graphene oxide obtained by spray
pyrolysis technique
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law (n 2 = 2dsin 6) as 3.35623 A. Similar results were
found for XRD diffractograms of rGO films in the
literature [12, 27, 28].

Figure 4 shows the morphology and structure of
the reduced graphene oxide nanosheets investigated
using scanning electron microscopy (SEM). It is
clearly seen that paper-like structures with ripples
and wrinkles on the surface. These properties in the
graphene lattice can be created by rebuilding C sp2
bonds as a result of reducing the graphene oxide to
reduced graphene oxide. EDX measurements show
that the C/O ratio increased from 1.18 to 3.74 by
weight percent after the chemical treatment. Thus, we
can conclude that the weight percent of C/O increa-
ses with the chemical treatment of the rGO film and it
contributed significantly to the reduction of graphene
oxide to reduced graphene oxide. As a result, the
graphene oxide has been successfully reduced to
reduced graphene oxide. Also, as seen from reduced
graphene oxide film morphologies, the spray pyrol-
ysis technique is a convenient technique to deposit
thin films on a semiconductor.

UV-visible spectroscopy was used for the optical
characterization of reduced graphene oxide. Fig-
ure 5a shows an absorption peak at about 270 nm for
rGO similar to n — n* transitions of aromatic C-C
bands that is attributed to decrease in oxygen con-
taining functional groups to carbon—carbon double
bonds (C = C), which confirms the successful reduc-
tion of graphene oxide to reduced graphene oxide.
Graphene is known as almost transparent with more
than 98% optical transmittance [29]. Figure 5b
demonstrates that the transmittance increases
throughout the visible region and shows a transmit-
tance of 85.1% at 665 nm wavelength. In addition, as



J Mater Sci: Mater Electron (2021) 32:611-622

HY mag OJ | WO de
uum | 30.00 kv | 60 000 x | 8.0 mm | LFI

— 1ym——

Erzincan University

615

HY mag O | wo
uum | 30.00 kY | 120 000 x | 8.0 mm

b

—— 500 nm ——
Erzincan University

Fig. 4 a SEM micrograph of rGO film, b SEM micrograph and EDX measurement of rGO film
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Fig. 5 a Absorbance, b transmittance spectrum of reduced graphene oxide film

shown in Fig. 5, absorbance and transmittance spec-
trums of rGO are consistent with each other. More-
over, these ultra-thin layers have been shown to be
transparent.

Figure 6a indicates a comparison of the I-V char-
acteristics of Au/n-InP reference diode and Au/
rGO/n-InP at 300 K. I-V characteristics of the diode
for sample temperature from 60 to 300 K with 10 K
steps are given in Fig. 6b. The Au/rGO/n-InP device
has good rectifying properties at room temperature
and between the temperature range 60 and 300 K. It
is clear that temperature rise or fall does not change
the rectification properties of the device. This result
demonstrates that Au/rGO/n-InP device is suit-
able to use at wide temperature ranges [30].

Barrier height (BH) and ideality factor (1) calcula-
tion of the Schottky diodes were calculated by using
thermionic emission (TE) theory. Schottky contact
current (I) is described according to TE theory given
by the following relation [22]:

I'=1Iyexp <%> [l —exp(—%)}7
(1)

where I, is the saturation current and can be calcu-

lated from intercept value of the linear portion of I-V
characteristics, as follows:
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Fig. 6 Current—voltage characteristics of (a) Au/rGO/n-InP/In and Au/n-InP/In Schottky diodes at room temperature, (b) Au/rGO/n-InP/In
Schottky diode at 60-300 K, and (c¢) Au/rGO/n-InP/In and Au/n-InP/In Schottky diodes at 60—300 K in linear scale

Ip = AA x T? exp (— %) (2)
In Egs. 1 and 2, g, 1, k, and T are the electron charge,
ideality factor, Boltzman’s constant, and device tem-
perature, respectively. A is the rectifier contact area of
diode, T is the absolute temperature, A* is the effec-
tive Richardson constant of 9.8 Acm™> K~ for n-type
InP [16], @, is the effective barrier height at zero bias
between the metal and the semiconductor, and n and
@, can be written as using Egs. 1 and 2

_q av
"TkT (dlnI)’ ®)
kT (A*AT?
(I)b:qln< 0 ) 4)

n and @, values for all temperature have been cal-
culated from the linear forward bias InI-V charac-
teristics using Eqgs. 3 and 4. The ®, and n values
(Fig. 6a) are found to be 0.44 eV and 1.82 for the Au/
n-InP reference diode, 0.71 eV and 1.02 for the Au/
rGO/n-InP Schottky structures at room temperature.
The @, value of Au/rGO/n-InP Schottky device is
almost two times higher when compared to the ref-
erence Au/n-InP diode. This may occurred related to
the presence of negative fixed charges in the InP and
reduced graphene oxide interface close to the InP
surface, and also the presence of indium vacancies
formed near the InP surface when the interface is
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being formed [31]. The presence of this negative
charge causes an increase in the positive space charge
within the depletion region, resulting in the increas-
ing height of the barrier and causing greater band
bending. The Au-InP contact barrier may be affected
by the change in the surface conditions, which can
result in an increase in the barrier height [32]. And
ideality factor values are greater than unity for both
the Au/n-InP reference diode and the Au/rGO/n-
InP Schottky devices. This can be attributed to
interface dipoles caused by an interlayer, a specific
interface structure, or the presence of the defects at
the interface during fabrication process. Moreover,
the interface states distributions, the recombination—
generation mechanisms, the image force effect, and
the tunneling effect may cause an unideal ideality
factor [16]. An another reason for unideality of 7 may
be attributed to the barrier height inhomogeneity of
the Au/rGO/n-InP contact [16].

According to temperature-dependent I-V charac-
teristics (Fig. 6b), n values decreased from 6.77 at
60 K to 1.02 at 300 K with the increasing temperature,
®, values increased from 0.26 at 60 K to 0.71 eV at
300 K. All ideality factor values are higher than ide-
ality (n>1). So, for the Au/rGO/n-InP Schottky
diode, there are deviations from the thermionic
emission (TE) theory. This abnormality can be
attributed to interface states and the barrier inho-
mogeneity at the interface. In addition, the saturation
current increased with the increasing temperature
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values for the Au/rGO/n-InP device. Thus, the Au/
rGO/n-In device can be used for temperature-de-
pendent applications in technology. As Tung men-
tioned [20], if barrier height is inhomogeneous, the
charge carriers do not have enough energy to pass
over the high barrier height at low temperatures.
However, current transport is provided by the lower
parts of the existing barrier height. In the barrier
height inhomogeneity model, the current transport
mechanism is considered to be thermionic emission
over an inhomogeneous barrier, and this results in
increased barrier height and reduced ideality factors
with the increasing temperature.

In Fig. 6¢, at room temperature, the devices show
outstanding performances with a low turn-on voltage
(Vturn-on) of 048 V, and 0.42 V for reference and
Au/rGO/n-InP diodes, respectively. The observed
low turn-on voltage for Au/rGO/n-InP in compar-
ison to reference Au/n-InP diode (from I-V charac-
teristics) may arise as a consequence of lower
potential for doping (better dopability), higher con-
centration of carrier generation mechanisms, and the
presence of rGO film and Au/rGO/n-InP diode
shows better device performance [33]. As shown in
Fig. 6c, as a result of the rGO film, the turn-on voltage
of the SBD is improved and the reverse leakage cur-
rent is reduced.

The series resistance (R,) is one of the important
parameters for the evaluation of the performance and
the device quality of the Schottky diodes. Series
resistance effect becomes predominant at higher bias
voltages and causes a decrease in diode current. R,
values of the diodes were calculated by Cheung
functions method [34]. The R, values of Au/n-InP
and Au/rGO/n-InP were found to be 8.97 and 7.67 Q
from experimental forward bias I-V characteristics at
room temperature (300 K). The effects of the series
resistance and interface states and the voltage drop
across the interfacial rGO layer may cause the dif-
ferent values of ideality factor of the reference Au/n-
InP and Au/rGO/n-InP [34]. Also, the series resis-
tance values decreased from 9.28 Q at 60 K to 7.67 Q
at 300 K with the increasing temperature for the Au/
rGO/n-InP device. While the temperature is
increasing, the experimental R, values decreased and
the barrier height values are substantially increased
as a function of temperature. Furthermore, the higher
series resistance R, value may cause a higher n
values.

The turn-on voltage in Fig. 6¢c gradually decreased
from 0.57 V to 0.48 V with the temperature increasing
from 60 to 300 K for Au/rGO/n-InP SBD. In addi-
tion, the decrease in turn-on voltage and series
resistance with increasing temperature due to the
effects of the thermal shrinkage of the energy band
gap increase the generation of the high energy car-
riers through interface [35, 36]. The generation of
charge carrier through the interface leads to the
decrease in depletion layer near the interface. Fur-
thermore, the probability of the thermionic field
emission (TFE) cause large leakage current. At higher
temperatures, some carriers thermally flow across the
Schottky barrier, while some carriers experience a
tunneling through the barrier. Both mechanisms may
contribute the current transport in the Au/rGO/n-
InP device at higher temperatures. Therefore, the
temperature-dependent measurements of [-V char-
acteristics of the Au/rGO/n-InP device would reveal
the carrier transport mechanisms [36].

Considering the model suggested theoretically by
Tung, it is suggested that there is a linear relationship
between the experimental zero bias SBHs and the
ideality factors [37]. Figure 7 shows the experimental
BH versus the ideality factor plot at 60-300 K tem-
perature ranges. Here, there are two linear regions

0.8
0.7 n A Au/rGO/n-InP/In
1 ®,,=0.87 ¢V
1 ®,,= 0.51eV
S 0.6
< ]
e -
= ]
20 ]
205 ]
£ 4
W
2 ]
S
= ]
/g 04
0.3
0.2 -
0.00 2.00 4.00 6.00 8.00

Ideality Factor, n

Fig. 7 The experimental barrier height versus ideality factor
values of Au/rGO/n-InP Schottky diode. The region 1 indicates
the current controlled by thermionic emission and region 2
indicates current controlled by thermionic field emission
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exist between the ®, and n values of the Au/rGO/n-
InP Schottky diode structure, which could be attrib-
uted to the lateral inhomogeneities of the SBHs. From
extrapolation of the experimental @, and »n curve, the
homogeneous barrier height values were calculated
as @y = 0.87 eV for the first region (120-300 K) and
@y, = 0.51 eV for the second region (60-120 K). That
is, under forward bias, the current transport for T
> 120 K is controlled by thermionic emission mech-
anism, and for T < 120 K, by the thermionic field
emission (TFE) mechanism [22, 38]. Thus, the domi-
nant current transport is not only thermionic emis-
sion for Au/rGO/n-InP Schottky diode; instead,
there are also two Gaussian distributions (GDs) of the
barrier heights in the certain contact area.

Figure 8 shows the traditional Richardson plots of
Au/rGO/n-InP Schottky barrier diode. According to
Eq. 2, the plot of In Iy/T? versus 1/kT or 1/nkT graphs
of Richardson plots must be linear but as shown in
Fig. 8, the In Iy/T*1/kT is linear up to approximately
180 K and it deviates from linearity with a bowing at
low temperatures below 180 K. The slope of this
linear region gives the mean barrier height value of
0.97 eV (Eq. 2). Also, the experimental Richardson
constant value of A" is obtained as 11.68 Acm > K2

-24
Au/rGO/n-InP/In
1/nkT
D, ,=0.75¢V
=25
A*=11.68 (A/em?K?)
&
%
< -26
-’
&
=
=~
S
-
=
-
=27
28
— T T T T T T 7

0 20 40 60 80 100 120
1/nkT and 1/KT (1/eV)

Fig. 8 The Richardson plots (In Io/T? versus 1/kT or 1/nkT) of
Au/rGO/n-InP Schottky diode
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from the intercept of this linear fit and for n-InP this
experimental A" value is slightly higher than its the-
oretical A” value of 9.8 Acm 2 K2 [16]. The spatial
inhomogeneous barrier heights and the potential
fluctuations at the interface of low and high barrier
areas could be the reason for this deviation in the
Richardson graph [20, 21]. In these circumstances, the
current flows through the lower barriers in the
potential distribution. In an ideal MS junction, the
barrier height may prefer to follow the variation of
band gap with temperature. Although, in ideal con-
ditions, the n value is equal to 1 for a SBD. But,
n often has a greater value than the unity, and the
SBH is usually a function of temperature. The high
values of the ideality factor are attributed to various
causes, such as the existence of the interfacial layer,
the series resistance effect, and the barrier anomalies
[20]. Moreover, the low-temperature [-V characteris-
tics of Schottky devices are significantly affected by
potential fluctuations. In quantum mechanics, carri-
ers can tunnel through a barrier when exposed to
high electric fields. When there is a thermally active
tunneling process, the carrier transport mechanism is
now referred to as thermionic field emission (TFE)
[39]. The Richardson graphs tend to be linear at high
temperatures but move away from linearity at low
temperatures. The nonlinearity in the Richardson plot
was a demonstration of recombination in the deple-
tion region of the Au/rGO/n-InP device. It also
makes sense for a device when recombination takes
place at low temperatures that this nonlinear state is
more observable at low temperatures. With the
Richardson graph, the barrier origin is assumed to be
a temperature-independent barrier height. These may
be due to the inhomogeneous barrier height, often
accompanied by ideality factor higher than unity. The
temperature-dependent barrier and the ideality factor
are also the reason of the nonlinear Richardson
graphs [39, 40]. The deviation from the theoretical
value of the Richardson constants obtained by the
Richardson graph can be explained by high ideality
factors and the barrier height inhomogeneity [39].
Figure 7 shows the existence of the Gaussian dis-
tributions of the barrier height for Au/rGO/n-InP
SBD. However, the above observations are consistent
with the recent model of the lateral distribution of the
barrier height [19]. In this model, the decrease in
barrier height at low temperatures can be well
explained by the thermionic field emission (TFE) if
the BH values of the Schottky contact have a good GD
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with an average @y, value and standard deviation of
os [7]. Here, o, indicates the measure of the barrier
homogeneity. The experimental ®,, and n,, versus
¥ kT plots are given in Fig. 9, which indicates two
linear regions of approximately 60-120 K and 120-
300 K regarding to the TFE over a GD of the barrier
height. In such a situation, the @,, is expressed as
follows [19]:
2

— o
(Dap = (Dbo - ;Ik;‘i, (5)

where @,, is the experimentally measured apparent
barrier height. Here, o, can be neglected because its
temperature dependency is usually very low [41].
The n,, is given by

1 qp3
(n—upl)PzﬂL KT (6)
where 7n,, is the experimentally measured apparent
ideality factor and p, and p; represent the voltage
deformation of the distribution of BH in the nonho-
mogeneous barrier. The experimental 1,,-1/2kT plots
should be linear (Eq. 6). The values of p, were cal-
culated as 0.54 eV between 120 and 300 K and
0.33 eV between 60 and 120 K temperatures. The
linear behavior of the plot shows that the ideality
factor expresses the voltage deformation of the
Gaussian distribution of the Schottky barrier height
[7]. Similarly, the linear (,,-1/2kT plot gives the mean
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Fig. 9 The experimental ®,, and n,, versus 1/2kT plots of Au/
rGO/n-InP Schottky diode

barrier height value of @, and o, from the intercept
and slope, respectively. The values of @y, and g of
Au/rGO/n-InP SBD are obtained as 0.93 eV and
0.0063 eV between 120 and 300 K and 0.62 eV and
0.0025 eV between 60 and 120 K temperatures. In
addition, standard deviation is a measure of barrier
homogeneity, that is, the lower the standard devia-
tion, the closer the homogeneous barrier height is and
the better the diode [42]. If ¢, values are smaller than
®@y,, it indicates an inhomogeneous situation at the
interface. These inhomogeneous distribution and
potential fluctuations affect low current—voltages.
This effect is particularly responsible for the nonlin-
ear behavior on Richardson curves. The above
observations indicate the barrier height in the contact
area can be modeled with double Gaussian distri-
butions, which represents the high and low barrier of
the full distribution in 60-120 K and 120-300 K ran-
ges. The existence of a double Gaussian in Schottky
diodes can be attributed to the nature of the inho-
mogeneities themselves. This may involve variation
in the interface composition/phase, interface quality,
electrical charges, and nonstoichiometry. They are
sufficiently effective to influence the I-V characteris-
tics of the Schottky diodes especially at low temper-
atures. Thus, the I-V measurements at low
temperatures are capable of revealing the nature of
barrier inhomogeneities present in the contact area
[37].

There are many models in the literature to explain
the charge transmission for different materials, such
as Schottky, Poole Frenkel, and space-charge-limited
current (SCLC) [43]. Thus, many researchers have
conducted their studies on the SCLC mechanism to
understand the charge transport through the charg-
ing and discharging of the injected carriers from the
trap centers [44]. Therefore, the I-V characteristics of
the reference and Au/rGO /n-InP device were
drawn on the log scale shown in Fig. 10 to evaluate
existing conduction mechanisms that can control the
current transport characteristics of the Schottky
diode. In general, the forward bias log I-log V plot
consists of three different linear regions, showing
three distinct conduction mechanisms. When there
are deep traps at the interface, the charge transport
method and the slope of the I-V characteristics get
modified. The linear region I is the region of low
voltages and indicates that the structure shows an
ohmic character. In other words, the current changes
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Fig. 10 log I-logV graph of (a) Au/n-InP reference diode, (b) Au/rGO/n-InP Schottky diode at room temperature, and (¢) Au/rGO/n-InP

Schottky diode at 300-60 K

directly by the applied voltage and the free charge
carriers are more than the carriers injected into the
material due to the low bias voltage. From Fig. 10a,
this double logarithmic graph indicates that the
conduction mechanism in the reference Au/n-InP
device is almost ohmic conduction. The linear region
IT is the region of higher voltages and in this case,
there is a nonnegligible concentration of charge car-
riers injected to the semiconductor material with
applied voltage due to the presence of the traps in the
thin film [45]. Therefore, a space-charge-limited cur-
rent (SCLC) mechanism occurs. While the current in
the ohmic region changes with the V value, the cur-
rent in this SCLC region changes with the V2 value.
At the same time, the lower traps are effective in this
region and the injected free carriers cause the SCLC
conduction mechanism. We can say that the SCLC
mechanism becomes dominant when the density of
injected or triggered free charge carriers is much
greater than that of thermally formed free carriers at
the equilibrium charge concentration [46]. Also, the
SCLC model is widely used to describe the behavior
of organic Schottky diodes [46]. From Fig. 9b, we can
conclude that the carrier transport mechanism is
controlled by SCLC model at room temperature. In
the region III of even higher voltages, the effective
trap conditions contribute to current as well as
injected carriers. At high voltage values, the traps
begin to fill with the increase in SCLC current and the
Schottky device approaches the “trap-filled” limit. In
the literature the trap-filled SCLC is also known as

@ Springer

trap-charge-limited current (TLCL). As a conse-
quence, the current conduction occurs again by a
SCLC mechanism in this region [47]. As shown in
Fig. 10c, the slope of the region III increased with the
decreasing temperature in the Au/rGO/n-InP device
with rGO interlayer. It is undoubted that the interface
plays an important role in the serial resistance and
electronic properties of the device, and it has affected
the trapped space-charge-limited current mechanism
depending on the sample temperature. When the
sample temperature increases, the recombination in
the rGO layer can be triggered thermally, and as a
result, it has a high resistance state. Hence, in the
trapped SCLC region, the series resistance increased
with the increasing temperature.

4 Conclusion

In this study, in order to fabricate the Au/rGO/n-InP
SBD, firstly, the reduced graphene oxide (rGO) was
synthesized from graphene oxide (GO) by a chemical
reduction method and then the simple and cheap
spray pyrolysis technique was used to obtain
reduced graphene oxide film. The XRD, SEM, and
UV-Vis spectroscopies were used for characteriza-
tion of structural, morphological, and optical prop-
erties of reduced graphene oxide film. From I-V
characteristics of the Au/rGO/n-InP SBD in the
temperature ranges from 60 to 300 K with 10 K steps,
the device parameters of barrier height and ideality
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factor are found to be strong functions of temperature
due to the barrier inhomogeneities at metal-semi-
conductor interface. The presence of reduced gra-
phene oxide film results in lower turn-on voltage and
reverse leakage current for Au/rGO/n-InP Schottky
diodes. The Au/rGO/n-InP device has been shown
to good rectifying properties, low turn-on voltage,
and low leakage current, resulting in better device
performance when compared to the Au/n-InP refer-
ence diode. The barrier height potential at the metal-
semiconductor interface is not homogeneous, and it
is explained by the barrier inhomogeneity model. The
temperature dependency of the electrical character-
istics of the Au/rGO/n-InP SBD was explained by
the thermionic field emission (TFE) theory with
Gaussian distribution of the barrier height values. In
this model, the Schottky barrier height has a Gaussian
distribution of the barrier height values over the
Schottky contact area with a mean barrier height of
@y, =093 eV at 120-300 K temperatures and
®y, = 0.62 eV at 60-120 K temperatures. Further-
more, the forward log I-log V plots of the device
showed three regions. At lower bias values, the
ohmic conduction mechanism attributed to the tun-
neling of charge carriers at the interfaces in region L
At higher bias values, a SCLC mechanism of the
space-charge-limited current is the dominant current
transport mechanism in regions II and III. In con-
clusion, the existing current mechanism is predomi-
nantly controlled by SCLC mechanism for Au/rGO/
n-InP SBD and the reduced graphene oxide interface
plays an important role in the conduction mechanism
and electronic properties of the Au/rGO/n-InP
device.
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