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A B S T R A C T

New photodiodes based graphene-organic semiconductor hybrid materials were fabricated for the first
time using sol–gel spin coating technique. The current–voltage characteristics of the Au/GO:coumarin/p-
Si/Al diodes were investigated under dark and various illumination intensities. The various junction
parameters of the diodes were determined using I–V,C–V and transient characteristics. The transient
photocurrent measurements indicate that Au/GO:coumarin/p-Si/Al diodes are very sensitive to
illumination and the precise responsivity of the diodes is tunable by adjusting GO:coumarin fraction.
The capacitance–voltage–frequency (C–V–f) measurements indicate that the capacitance of the diodes
depends on voltage and frequency. The capacitance decreases with increasing frequency due to a
continuous distribution of the interface states. The ability to tune the photosensitivity in the
photoconductive mode through graphene oxide:coumarin weight ratio has been shown to lead to a near-
constant sensitivity to illumination for a weight ratio of 0.03GO. The obtained results suggest that Au/GO:
coumarin/p-Si/Al diodes can be used as a photosensor in optic communications.
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1. Introduction

There is much research interest in graphene at present due to its
unique electrical and optical properties. Graphene films are among
the most favorable candidates for next generation transparent
conductive electrodes [1–3]. Such electrodes have been studied
widely over the past decade because of their potential applications
in flat panel displays, metal/semiconductor diodes and many other
electronic devices. In the present work, we have utilized
semiconducting nanocomposites of coumarin–graphene oxide to
fabricate the photodiodes. Coumarin and its derivatives have
attracted considerable wide research interest in pharmaceuticals
for their exciting UV–vis photoresponse properties and industry in
the form of dye lasers and high-efficiency dye-sensitized solar
cells. The molecules exhibit fluorescence in visible light range,
large Stokes shifts, high quantum yields and good solubility [4].
Recent studies have focused on the structure vs. optical property of
coumarin to better grasp the electronic operational mechanisms
that could lead to better rational designs of more efficient
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coumarin derivatives for optical device applications [5,6]. There
have been a number of scaffolding organic compounds that have
been used for a variety of reasons, such as low sheet resistance,
high optical transparency. The later can be accounted for by fact
that the hybrid electrode can overcome the low work-function and
high sheet resistance [7,8]. The coumarin molecule consists of a
benzene ring fused together with a lactone ring whose double
bond extends the conjugated p-system across the molecule.
Conjugated coumarins with many of their derivatives, such as
anthracene have been shown to possess the planarity required for
rigid structure. This makes them suitable for development on
flexible substrate. Their wide energy gaps and high fluorescent
quantum efficiency makes them potential candidates for use in
UV–vis photo-applications [9,10]. The coumarin interlayer is
thought to influence the space-charge region of the Schottky
junction thereby increasing the barrier height. The electronic
properties of coumarin have also been studied and it was found
that increased reaction time leads to a lower sheet resistance on
the film [11]. The current–voltage (I–V) and capacitance–voltage
(C–V) characteristics of the coumarin–GO/p-Si junctions having
various compositions of GO were studied under dark and
illumination conditions. It was observed that the photocurrent
of the device increases with increase of GO concentration in the
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composite. The non-illuminated ideality factors of the diodes
having 0.005, 0.01, 0.03 and 0.1% of GO in the coumarin–GO
composites were obtained to be 3.803, 4.095, 6.838, and
4.893 respectively. The diode having 0.03GO content consistently
exhibited the highest photoresponse performance. The obtained
results indicate that coumarin–GO composites have high potential
in photosensor applications.

2. Experimental details

The graphene oxide (GO) was synthesized by modified
Hummers method as described in the literature [12,13]. The
coumarin was dissolved in dicholoro benzene. The synthesized GO
was dispersed in deionized water (1.5 mg/ml) using stirring for
10 min. and then, it was ultrasonicated for 2 h. The nanocomposites
of coumarin and GO were prepared using coumarin and GO
solutions having different weight ratios of GO:coumarin (0.005,
0.01, 0.03 and 0.1). The films of GO:coumarin were coated onto
surface of p-Si substrate using a spin coater with 7000 rpm for 60 s.
Before deposition of the coumarin–GO composite, the native oxide
layer of the silicon substrate was etched by HF and then rinsed in
deionized water using an ultrasonic bath for 10–15 min. Finally, the
silicon wafer was chemically cleaned according to method based
on successive baths of methanol and acetone. Top contact of the
diodes was prepared by Au metal. For this, Au metal was
evaporated by sputtering system in the form of circles giving a
diode contact area of 3.14 �10�2 cm2. Surface morphology of the
films was investigated using a scanning electron microscopy
(SEM). The current–voltage (I–V) characteristics of the diodes were
performed with KEITHLEY 4200 semiconductor characterization
Fig. 1. Scanning electron images at various GO conte
system. Photoresponse measurements were performed using a
solar simulator. The intensity of the illumination was measured
using a solar power meter (TM-206).

3. Results and discussion

Fig. 1(a–d) shows SEM images of the GO:coumarin films. As
seen in Fig. 1(a–d), the surface morphology of the films is changed
with GO contents. As seen in Fig. 1a, the composite is formed from
the graphene oxide layer and coumarin capped GO layers. The
graphene oxide was capped by coumarin organic layer.

Fig. 2(a–d) shows I–V characteristics of the Au/GO:coumarin/p-
Si/Al diode under dark and various illumination intensities and GO
concentration. The ability to tune the photosensitivity in the
photoconductive mode through graphene oxide:coumarin weight
ratio has been shown to lead to a near-constant sensitivity to
illumination for a weight ratio of 0.03GO. The typical photodiode
characteristics in both forward and reverse bias are observed and
can be analyzed by thermionic emission theory [14,15]. Accord-
ingly, the current through a rectifying barrier diode as a function of
applied bias voltage (V) and temperature (T) can be written

I ¼ I0exp
q V � IRsð Þ

nkT

� �
ð1Þ

where I0 is the reverse saturation current given by

I0 ¼ AA�T2exp �qØb

kT

� �
ð2Þ

where q is the electronic charge, A is device area, A� is the effective
Richardson’s constant equal to 32 A/cm2K2 for p-Si and Øb is the
nts taken at the surface of the Schottky diodes.



Fig. 2. (a–d) I–V characteristics of Au/GO:coumarin/p-Si/Al Schottky diodes at various illumination intensities.
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barrier height [16], n is the ideality factor of the diode and k is
Boltzmann constant.

Ideality factors greater than unity suggest the presence of
barrier height in homogeneities and the existence of interface
states. The distribution of interface states can be investigated
further through the measurement of the effect of illumination
intensity on the diode current. An increase in illumination
intensity generates more free carriers with an associated increase
in the photocurrent. The photosensitivity of the heterogeneous
junction can be investigated through the function

IPH ¼ aPg ð3Þ
where IPH is the photocurrent, g is an exponent of the illumination

intensity and a is a constant [17,18]. Setting a ¼ 10b where b is also
constant and taking logarithms of both sides of Eq. (3) gives

log IPH ¼ glog P þ b ð4Þ
The exponent of the illumination intensity can then be deduced

directly from the linear log–log plot of diode current vs.
illumination intensity. Fig. 3 shows plots of photocurrent vs.
illumination intensity for various GO contents. The calculated
exponents at various GO content and reverse bias are given in
Table 1.
At the reverse bias voltages of at �3.0 V and �0.2 V the
calculated illumination intensity exponents are respectively g ¼
1:238 � 0:007 and g ¼ 0:535 � 0:049. This suggests that a higher
magnitude of reverse bias should be used for with similar
sensitivity in photo-sensing applications of the diode, regardless
of the concentration of GO. However, at 0.03 GO content even
lower bias may be used to bias the photodiode. This is potentially
attractive for electronic sensing applications that are operated on
low supply voltages, such as battery powered photosensors. Values
of g between 0.5 and 1 are believed to indicate the existence of a
continuous distribution of localized states in the mobility gap of
these materials [18,19]. A higher value of g obtained for the
p-Si/GO–coumarin interlayer indicates a lower density of the
unoccupied trap level and suggests a less degraded crystal
structure [17,20–22].

A linear dependence of photoconductivity on intensity
(g ¼ 1:0) suggests that the recombination mechanism is mononu-
clear, while a square root (g ¼ 0:5) suggests a bimolecular
recombination mechanism [18]. Fig. 4 therefore suggests that
the onset of either one of these mechanisms may be induced
through GO:coumarin weight fraction.

Fig. 5 shows semilog plots of dark I–V characteristics vs. GO
concentrations. The concentration of 0.03 GO shows the lowest
magnitude of the reverse current at low applied reverse bias, and



Fig. 3. Plots of photocurrent vs. illumination intensity for various GO contents. These plots show the tunability of the parameter g in the power law relating diode current with
illumination intensity.

Table 1
Calculated illumination intensity exponents at various GO contents.

Vbias (V) g

0.005 GO 0.01 GO 0.03 GO 0.1 GO

�0.2 0.464 0.385 0.863 0.427
�0.5 0.492 0.402 1.224 0.285
�0.8 0.664 0.586 1.217 0.322
�3.0 1.136 1.274 1.207 1.335
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there is no discernible correlation between the reverse bias and GO
concentration. However, at higher reverse bias the magnitude of
the reverse current generally increases with concentration. In the
forward bias region, the magnitude of diode current at constant
bias generally decreases with GO concentration for concentrations
below 0.01GO content. Above 0.01 GO content the forward
characteristics exhibit multiple linear regions, which could explain
the observed variation in the calculated ideality factor and series
resistance. It is not possible with the available data to plot dark
current vs. bias voltage in a log–log plot of current vs. intensity.

The deviation from the ideal behavior of the diode can be
postulated on the basis of series resistance, which can be
determined using Cheung method [23]. In this method, the
gradient of the plot of dV=d lnIð Þ vs. I is series resistance and the
intercept is the thermal voltage scaled by the ideality factor i.e.

dV
dlnI

¼ RsI þ n
kT
q

� �
ð5Þ
In the method, a plot of HðIÞ vs. I is found to be linear over a wide
range of currents, i.e.

HðIÞ ¼ RsI þ nØb ð6Þ
where

H Ið Þ ¼ V � n
kT
q

� �
ln

I

AA�T2

� �
ð7Þ



Fig. 4. Variation of the illumination intensity exponent g with reverse bias voltage.

Fig. 5. Semilog plot of dark diode I–V characteristics vs. GO concentrations.
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Eq. (6) also has a gradient that is equal to the resistance and an
intercept that can be used to calculate the barrier potential using
the ideality factor from Eq. (5). Fig. 6 shows plots of dV/dlnI and H
(I) vs. current for the Au/GO:coumarin/p-Si/Al diodes with various
GO contents and illumination. The obtained ideality factor and
Table 2
Calculated ideality factors and barrier heights vs. GO content at various illumination in

0 10 30 (mW/cm2) 

n F (eV) n F (eV) n F (eV)

GO concentration
0.005 3.803 0.761 3.569 0.764 3.623 0.761 

0.010 4.095 0.792 1.130 0.962 1.029 0.981 

0.030 6.838 0.762 1.021 0.996 1.527 0.944 

0.100 4.893 0.819 4.071 0.849 4.332 0.835 
barrier height values of the diodes are shown in Table 2.The
resistance values obtained using Eqs. (5) and (6) often differ, but
the general order of magnitudes are comparable. The differences
could be the result of interface states, and the voltage drop across
the interfacial layer [24]. Fig. 7 shows plots of barrier height as a
function of illumination intensity for various concentrations of GO.
As seen in Fig. 7, the barrier height values are changed with GO
contents. The highest calculated variation of barrier height at
different illumination intensities occured at 0.01 GO concentra-
tion. The plots of the variation of series resistance with
illumination intensity for the diodes are shown in Fig. 8. The
series resistance is changed with GO content and it is decreased
with the illuminaton. The obtained series resistance is higher for
the diodes. These higher values cause the non-linearity in I–V
characteristics of the diodes.

Capacitance–voltage and conductance–voltage measurements
at various frequencies are popular methods to characterize a
Schottky diode. These methods are useful also because the effect of
series resistance can be ascertained through the concept of the
adjusted capacitance and conductance respectively. From these
measurements the barrier height, built-in potential and the
density of non-compensated ionized acceptors can additionally
be estimated. The capacitance of a junction diode consists of two
aspects, namely the diffusion capacitance and the capacitance of
the depletion layer across the junction itself. The plots of
capacitance–voltage under various frequencies of the diodes are
shown in Fig. 9(a–d). As seen in Fig. 9(a–d), the capacitance is
changed with frequency. The diffusion capacitance (Cdiff ) is found
to vary linearly with illumination intensity and correlates directly
tensities using Cheung method.

60 80 100

 n F (eV) n F (eV) n F (eV)

3.908 0.753 4.067 0.748 5.906 0.721
1.107 0.960 1.251 0.932 2.708 0.819
1.621 0.935 4.013 0.817 4.247 0.813
4.500 0.827 4.780 0.815 5.314 0.801



Fig. 6. Plots of dV/dlnI and H(I) vs. current for the Au/GO:coumarin/p-Si/Al diodes with varied GO content and illumination.
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Fig. 7. Plot of barrier height as a function of illumination at various contents of GO. Fig. 8. Semi-log plot of the variation of series resistance with illumination intensity.
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with the minority lifetime and is given by [17,25–27]

Cdiff ¼
q2n2

i Ln
kTNA

exp
q
kT

cV
� �

ð8Þ

where c is a constant, Ln is the excess minority carrier diffusion
length. The depletion layer capacitance (Cdepl) can be expressed by
the following relation,

1

C2
depl

¼ 2

qerA2Ni

Vbi þ Vr � Vthð Þ ð9Þ

where er (11.8 for p-Si) is the dielectric constant, A is the diode area,
Ni is the non-compensated ionized acceptor density, Vbi is the
built-in voltage, Vr is the applied reverse voltage and Vth is the
thermal voltage equal to (kT=q). At lower temperatures, the
thermal voltage contribution is small (typically 0.026 V at room
temperature). Fig. 10(a–d) show the plots of C�2 vs. V under various

frequencies. The plot of (C�2
depl) vs. Vr at a given temperature yields

ideally a straight line in the reverse bias part of the characteristics
from whose gradient Ni can be estimated. Similarly from the ratio
of the intercept to the gradient Vbi can be estimated [26,28]. The
barrier height (Øc

b) from capacitance measurements can be
deduced from [29]

Øc
b ¼ Vbi þ

kT
q

1 þ ln
NV

Ni

� �
ð10Þ

where NV � 1:04 � 1019 cm�3 is the valence band density of states
for the p-Si at 300 K. Eq. (10) is often expressed as [26]

Øc
b ¼ Vbi þ Vth þ VP ð11Þ

where

VP ¼ kT
q
ln
NV

Ni
ð12Þ

The effect of illumination on capacitance can be explained in terms
of the tunability of the diffusion capacitance, which can be
expressed in terms of the photocurrent (I) by

Cdiff ¼
t
VT

I ð13Þ

where t is the minority carrier lifetime [17,27]. The barrier heights
based on capacitance measurements are often in disagreement
with those measured using other methods, such as I � V and
H Ið Þ � I, though much effort is currently being expended on
addressing the discrepancies which arise from the effects of series
resistance and the true-space charge capacitance in the device. A
popular method obtains the adjusted capacitance (CADJ) and
conductance (GADJ) in the light of series resistance and actual
space-charge. The two method rely on frequency sensitivities of
the junction capacitance and the effective series resistance can
be estimated from the real part of the impedance. The
corrected capacitance and conductance are expressed respectively
[20,30–32] as

CADJ ¼
G2
m þ vCmð Þ2

h i

a2 þ vCmð Þ2
Cm ð14Þ

GADJ ¼
G2
m þ vCmð Þ2

h i

a2 þ vCmð Þ2
a ð15Þ

where a ¼ Gm � G2
m þ vCmð Þ2

h i
Rs.

Table 3 shows the calculated values of non-ionized acceptor
concentration, built-in potential, barrier height and potential
difference (VP) between the Fermi level and the bottom of the
valence band in the neutral region of the p-Si. The variance in the
calculated Ni over the frequency range is less than 1% and the
variance in VP is less than 3 parts per million. However, the barrier
height calculated using the C–V is seen to be higher than that
calculated using the Cheung–Cheung method. Both the calculated
barrier height and the built-in potential are seen to increase with
an increase in frequency. The value of NV , the density of states in
the valence band used to calculate the results in Table 3 is

1:04 � 1019 cm�3 at the characterization temperature of 300 K.
Fig. 11 shows the variation of the series resistance of the Au/GO:

coumarin/p-Si/Al Schottky diode with applied bias. The plots
exhibit peaks that shift towards the lower positive bias voltage
with decreasing frequency, suggesting that the interface states
depend strongly on frequency. The high value of series resistance at
low frequencies can be explained on the basis that the interface
states can follow the AC signal thereby exhibiting excess
capacitance at low frequencies [33,34].



Fig. 9. Frequency dependent capacitance-voltage plots of the diode at 0.1GO content showing the capacitance and conductance respectively, in (a) and (c) uncorrected and in
(b) and (d) adjusted.
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Fig. 12 shows the transient photocapacitance and photo-
conductance response of the Al/p-Si/GO:coumarin/Au diode in
the forward bias region. The discrepancy between the quasi-steady
state and transient measurements in Schottky diodes can be
explained in terms of the capacitive current (IC) which, depending
on the measurement conditions, must be combined either
additively or subtractively from the photo-generated current.
For increasing illumination intensity, i.e., the light is turned on, the
diode capacitance is charged and effectively results in a smaller
diode current under quasi-steady state. For decreasing illumina-
tion, i.e., the light is turned off, the diode capacitance is discharged
and the current is larger under quasi-steady state measurement. It
follows that [27]

IC ¼ C
dV
dt

þ V
dC
dt

ð16Þ
In forward bias Cdiff may be neglected, and at quasi-steady state
(dV/dt = 0) Eq. (14) leads to

IC tð Þ ¼ �C0Rsexp b
q
kT

V � IRSð Þ
h i

1 þ b
q
kT

V � IRSð Þ
� �dI

dt
ð17Þ

from which the diffusion charge (Qdiff ) can be calculated, using

IC ¼ dQdiff
dt . Fig. 13 shows that the photocapacitance and photo-

conductance depend strongly on GO content.
Fig. 13 shows the photocapacitance and photoconductance

depend strongly on the illumination. The initial rise in the
capacitance and conductance suggests that more free carriers are
generated initially at the junction upon illumination. When the
illumination is turned off the capacitance and conductance decay
to their initial values, suggesting that trapping of charge carriers
occurs in the deep impurity levels. The transient responses suggest



Fig. 10. The reverse bias region of the characteristics illustrated for 0.1GO fraction
showing the region at over which the barrier height, density of non-compensated
ionized acceptors and the built-in potential were calculated.

Table 3
Electrical parameters calculated using C–V measurements at 0.1GO fraction. The

non-ionized acceptor concentration averages (7:287 � 0:007) �1013 cm�3).

Frequency
(kHz)

Ni

(x 1013 cm�3)
Vbi

(V)
VP

(V)
ØC

b

(eV)

10 8.36 0.633 0.341 0.974
50 6.93 0.862 0.346 1.208

100 7.26 0.865 0.345 1.210
200 7.18 0.928 0.345 1.273
300 7.31 0.967 0.345 1.311
400 7.17 0.985 0.345 1.330
500 7.37 0.961 0.344 1.305
600 7.36 1.013 0.344 1.358
700 7.37 1.021 0.344 1.365
800 7.40 1.028 0.344 1.372
900 7.44 1.034 0.344 1.378

1000 6.31 1.015 0.348 1.363

Fig. 11. The voltage dependence of resistance of the Au/GO:coumarin/p-Si/Al diode
at room temperature.

Fig. 12. Transient (forward bias) photocapacitance and photoco
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that the Au/GO:coumarin/p-Si/Al Schottky diode has potential as a
photosensor.

4. Conclusions

Organic on inorganic p-Si Schottky diodes with the structure
Au/GO:coumarin/p-Si/Al have been fabricated for the first time.
The device parameters were evaluated using current-voltage,
capacitance–voltage and phototransient methods with respect to
the fraction of graphene-oxide to coumarin ratio. These measure-
ments indicate that the Schottky diode is sensitive to light and
there exists the possibility to optimize its performance based on
the content of GO. The tunability of the device sensitivity in the
photoconductive mode has through adjusting mainly the GO
content has been indicated. The best photoresponse was observed
for a weight ratio of 0.03 GO.
nductance measurements for Au/GO:coumarin/p-Si/Al diodes.



Fig. 13. Transient (forward bias) photocapacitance and photoconductance measurement for the Au/GO:coumarin/p-Si/Al diode at different illumination intensities.
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