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Sanjay Behura1*,§, Hatchinghoi Haokip1 †, Charu Goel1 †, Sasmita Nayak1*,§,
Pramila Mahala2, Rahul Kapadia1 and Omkar Jani1
Recent investigations involving nanoscale energy conversion using two-dimensional nanomaterials
such as graphene and transition metal dichalcogenides (TMDs) hold promise to mitigate future energy
challenges. The heterojunction devices designed by interfacing 2D layers with 3D bulk semiconductors
(2D/3D heterojunctions) including graphene/silicon and TMDs/silicon are widely explored for the
photovoltaic characteristics. Developing a thorough understanding of the interfacial chemistry via
impedance spectroscopic analysis will leverage the potential of these 2D/3D junctions for large-scale
integrations. Here, the non-vacuum solution-processed reduced graphene oxide (rGO), poly(3,4-ethyle
nedioxythiophene):polystyrene sulphonate (PEDOT:PSS) and their composite (PEDOT:PSS(rGO)) were
spin coated on the silicon (n-Si) substrates for fabrication of heterojunctions, with the device construct
of rGO/n-Si, PEDOT:PSS/n-Si and PEDOT:PSS(rGO)/n-Si having Ohmic metal contacts in both top and
bottom. The significant efficiency improvement of three orders for PEDOT:PSS(rGO)/n-Si device over
the rGO/n-Si and PEDOT:PSS/n-Si heterojunction devices can be attributed to (i) increased conducting
channels in the active region and (ii) reduced series resistance. Further, the impedance spectroscopy is
employed to understand the interfacial chemistry of PEDOT:PSS(rGO)/n-Si solid-state junction, which
is explained by a parallel resistance–capacitance circuit model.
Keywords: Nanostructure, Chemical synthesis, Impedance spectroscopy, Electrical properties, Solar cells, Composites, Graphene, Conducting
polymer

Introduction
The renewable energy research and development is of
prime importance for the present time and in order to
achieve the grid parity for solar energy, the worldwide
photovoltaic researchers are constantly exploring innovative materials for the design of solar cells to reduce cost
and boost efficiency. The silicon (Si) wafer-based homojunction (p-Si/n-Si) solar cell technology is expensive and
further the efficiency is capped via Shockley–Queisser
limit.1 Alternatively, interfacing two-dimensional (2D)
layers and three-dimensional (3D) bulk semiconductors
(2D/3D heterojunction) holds promise for cost-effective
and efficient nanoscale energy conversion.2 In this context,
the atomically thin 2D nanomaterials such as graphene
and transition metal dichalcogenides (MoS2 or WS2, etc.)
have been leveraged due to their exotic properties suitable
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for optoelectronics.3 Further, the reduced graphene oxide
(rGO) produced via chemical exfoliation method4 possess
excellent features of mass production and can be integrated
into novel device applications.5 Recently, rGO/Si interface
has been probed as a potential photovoltaic device for fundamental understanding and large-scale applications.3b It
is important to note that the rGO/Si device construct is
advantageous over various 3D/3D semiconductor junctions
because: (i) first, the top graphene layer is both transparent and conducting, therefore can be used as transparent
current-spreading electrode6 and (ii) second, it can act as
active solar cell layer with controlled synthesis methods.7
Further, the combination of rGO and poly(3,4-ethylenedioxythiophene):polystyrene sulphonate (PEDOT:PSS) is
attractive and has shown excellent performance in optoelectronic device applications.8 The combination of rGO and
PEDOT:PSS is believed to enhance the device performance
owing to their enhanced optical, mechanical and electrical
properties. The present work demonstrates the design, fabrication and photovoltaic characterisations of heterojunctions
made from rGO and PEDOT:PSS with n-Si. Furthermore, a
thorough impedance spectroscopic analysis is carried out on
PEDOT:PSS(rGO)-on-Si solid-state junction considering its
superior performance.
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SEM micrographs of a GO, b rGO, c PEDOT:PSS and d PEDOT:PSS(rGO) composite

Experimental

Photovoltaic characteristics

The graphene oxide (GO) was prepared via modified
Hummers’ method9 and further chemically reduced to rGO via
a strong reducing agent (NaBH4). For the reduction process,
the GO of 0.7566 g was dispersed in 20 ml of 1 M freshly
prepared aqueous NaBH4 solution under vigorous stirring for
10 min and finally the rGO powder was collected by filtration.
Further, 0.5 ml of PEDOT:PSS solution was mixed with 5 ml
of 0.1 wt% rGO for preparation of the composite of rGO
and PEDOT:PSS suspension.7 Finally, the solution-processed
rGO, PEDOT:PSS and their composite (PEDOT:PSS(rGO))
were spin coated on the pre-treated silicon (n-Si) substrates
for fabrication of heterojunctions, with the device construct
of rGO/n-Si, PEDOT:PSS/n-Si and PEDOT:PSS(rGO)/n-Si.
The spin coating was performed at a rotation speed of 500 rpm
for 60 s and the post-spin coated samples were further baked
at 80 °C for 10 min.

To investigate the potential application of rGO and PEDOT:PSS
in photovoltaic devices, rGO/n-Si, PEDOT:PSS/n-Si and
PEDOT:PSS(rGO)/n-Si heterojunctions were fabricated via
the process as mentioned in the experimental section. Figure
2a and b shows the schematic of PEDOT:PSS/n-Si, rGO/n-Si
and composite PEDOT:PSS(rGO)/n-Si heterojunction solar
cell devices and the corresponding generalised band diagram
at equilibrium conditions, respectively. The photovoltaic
devices were analysed by current density–applied voltage
(J–V) characterisation under dark and AM 1.5G (100 mW/
cm2) light illuminations. The device parameters (reverse saturation current (Jo) and barrier height (ɸB)) and photovoltaic
parameters (short circuit current density (Jsc), open circuit
voltage (Voc), fill factor (FF), efficiency (η), series resistance
(Rs) and shunt resistance (Rsh)) are calculated from Fig. 3 and
summarised in Table 1.
The current–voltage characteristics for a Schottky barrier
diode with assumption that the current is due to thermionic
emission can be expressed as: J = Jo [exp (VD/nkBT)–1], where
J is the diode current, Jo is the reverse bias saturation current,
VD is the voltage across the diode, kBT is the thermal voltage,
(kB is the Boltzmann constant and T is the temperature in
Kelvin) and n is the ideality factor (which are derived from the
slope of Ln (J)–V curve). Jo can be extracted by extrapolating
the straight line of Ln (J) to intercept the axis at zero voltage:
Jo = AA*T2 exp (–qΦB/kBT), where A is the effective area of the
device (1 cm2), A* is the Richardson constant. The Schottky
barrier height for three representative devices are calculated
following the formula: ΦB = kBT/q ln(AA*T2/Jo).
Figure 3a and b depict J–V characteristics for PEDOT:PSS/
n-Si device under dark and AM 1.5G illuminations, respectively. Further, the inset of Fig. 3a and b represents (Ln)
J vs. V and the fourth quadrant of J vs. V plot, respectively.
Similarly, Fig. 3c and d show rGO/n-Si device and Fig. 3e
and f present PEDOT:PSS(rGO)/n-Si device under dark
and AM 1.5G illuminations. The photovoltaic parameters
for PEDOT:PSS/n-Si are (Jsc – 0.057 A/m2, Voc – 0.13 V,

Results and discussion
Structural characteristics

The scanning electron microscopy (SEM) micrographs of
GO, rGO, PEDOT:PSS and PEDOT:PSS(rGO) composite
structures are shown in Fig. 1a–d, respectively. The GO
exhibits high surface area, shiny and smooth morphology
which indicates proper exfoliation of graphite during chemical oxidation process. The rGO possesses flaky structures with
flake size about 10 μm and flakes are overlapping to form a
compact structure. The PEDOT:PSS layer is uniform on the
substrate with lateral dimensions ranging from 10 to 50 μm.
The surface morphology of PEDOT:PSS(rGO) resembles
strongly folded decoration of rGO on which PEDOT:PSS
nanoparticles are deposited uniformly, which further indicates
that rGO flakes are overlapped rather than aggregated with
particle-like mixed composite structure reflecting the platelet
homogeneity. The detailed Raman spectroscopic characterisations of GO, rGO and PEDOT:PSS(rGO) were mentioned
in our earlier report.3b, 7
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The rGO/n-Si, PEDOT:PSS/n-Si and PEDOT:PSS(rGO)/n-Si heterojunctions: a schematic of photovoltaic device and b banddiagram at equilibrium

3

Characteristic plot of J vs. V: for a PEDOT:PSS/n-Si under dark and b under AM 1.5G illuminations. Insets in a is Ln J vs.
V and in b is the J vs. V curve in fourth quadrant, c rGO/n-Si under dark and d under illuminations. Insets in c is Ln J vs. V
and in d is the J vs. V curve in fourth quadrant, e plot of J vs. V for PEDOT:PSS(rGO)/n-Si under dark and f light. Insets in e
is Ln J vs. V and in f is the plot J vs. V curve in fourth quadrant
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FF – 18.9%, Rs – 3.89 Ωm2, Rsh – 1.34 Ωm2), for rGO/n-Si
are (Jsc – 0.068 A/m2, Voc – 0.039 V, FF – 27.0%, Rs – 0.44
Ωm2, Rsh – 1.06 Ωm2) and for PEDOT:PSS(rGO)/n-Si are
(Jsc – 4.56 A/m2, Voc – 0.21 V, FF – 20.5%, Rs – 0.003 Ωm2,
Rsh – 2.38 Ωm2). The parasitic resistances such as Rs and
Rsh in the devices are evaluated by plotting the slope in J–V
curve at Voc and Jsc point, respectively. It can be noted that



in the PEDOT:PSS(rGO)/n-Si solar cell, the Rs is low, i.e.
0.003 Ωm2 and consequently, the efficiency is high compared
to other devices as it is understood that the critical impact of
Rs is to reduce the FF of the device. The efficiency obtained
for PEDOT:PSS/n-Si is 0.00014%, for rGO/n-Si is 0.00007%
and for PEDOT:PSS(rGO)/n-Si is 0.02%. The efficiency of
devices with PEDOT:PSS is higher than the device with
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Photovoltaic and impedance spectroscopic characteristics of heterojunction of graphene-PEDOT:PSS composite

Photovoltaic characteristic parameters of three representative heterojunction devices
Heterojunction devices

Device parameters

PEDOT:PSS/n-Si

Downloaded by [73.209.84.211] at 19:51 03 August 2016

JSC (A/m2)
VOC (V)
FF (%)
η (%)
Rs (Ωm2)
Rsh (Ωm2)

0.057
0.13
18.9
0.00014
3.89
1.34

synthesised rGO as expected because of the higher optical
transmittance of PEDOT:PSS.7 The PEDOT:PSS(rGO)/n-Si
heterojunction device with composite PEDOT:PSS and
rGO exhibits highest efficiency among all the devices. The
resulting optimised parameters show increase in cell efficiency from 0.00014% for PEDOT:PSS/n-Si to 0.02% for
PEDOT:PSS (rGO)/n-Si device. This improvement in device
performance via solution process mixing of PEDOT:PSS with
rGO can be attributed to the formation of uniform thin film
and conducting channels in the active region. It is also very
important to note that, in the composite due to the formation
of conducting network, the charge carrier transport is accelerated. Thus, there is improvement in Jsc and decrease in Rs
compared to rest of the devices due to the uniformity and
enhanced conductivity achieved via mixed platelet composite
layer. In contrast, efficient solar cell devices based on rGO/
Si10 and PEDOT:PSS/Si11 heterojunctions are available. In
order to improve the efficiency of the heterojunction solar
cells presented here, a number of factors can be considered.
Those include: (i) efficient light trapping management using
plasmonics effect, (ii) back surface doping and (iii) use of
proper Ohmic metal front and back contacts, etc.

Impedance spectroscopic analysis
Impedance spectroscopy (IS) is a well-known and widely
established technique, which can describe a solid-state device

4

rGO/n-Si
0.068
0.040
27.0
0.00007
0.44
1.06

PEDOT:PSS(rGO)/n-Si
4.56
0.21
20.5
0.02
0.003
2.38

through an equivalent circuit to understand electrical transport
phenomena under various conditions.12 The frequency is an
implicit variable in this measurement and varied from 0.1 Hz
to 1 MHz. We utilised the IS technique to analyse the solar
cells developed here, especially the interfacial chemistry. The
IS measurements were performed in a potentiostat/galvanostat
(Autolab, model PGSTAT302N) attached with a frequency
response analysis module (FRA32M). The measurement for
the developed devices was carried out using an AC signal of
amplitude 5 mV over the Voc at the frequency range of 0.1 Hz
to 1 MHz superimposed by a DC bias of 10 mV under actual
dark conditions. The Nyquist, Mott–Schottky (MS) and Bode
plots of the impedance spectra for the PEDOT:PSS(rGO)/n-Si
heterojunction device are displayed in Fig. 4. The capacitance–voltage (C–V) measurement of the device was conducted at a frequency of 1 kHz to determine the flat-band
potential (Vfb) and dopant density (ND) of the device using
MS equation,13

(
)
1
2
kT
=
V
−
V
−
fb
q
C2
𝜀𝜀0 A2 qN D
where C is the depletion-layer capacitance per unit surface
area, ND is the number of dopant densities, ε0 is the permittivity of vacuum, ε is the dielectric constant of the semiconductor, V is the electrode potential, Vfb is the flat-band potential,
k is the Boltzmann constant, T is the absolute temperature and
q is the elementary charge. Figure 4a presents the MS plot of

Impedance spectroscopy of PEDOT:PSS(rGO)/n-Si heterojunction solar cell: a Mott–Schottky (MS) characteristics,
b equivalent circuit model (R–C) c Nyquist plot and d Bode plot
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Table 2

Photovoltaic and impedance spectroscopic characteristics of heterojunction of graphene-PEDOT:PSS composite

Estimated fitting parameters of the equivalent circuit for PEDOT:PSS(rGO)/n-Si solar cell from the impedance
spectroscopy
RC-1 circuit

Device
PEDOT:PSS (rGO)/n-Si

Downloaded by [73.209.84.211] at 19:51 03 August 2016

C1 (pF)

Rs (Ω)
434

363

R1 (Ω)

R2 (Ω)

46.8 k

1.31 M

PEDOT:PSS(rGO)/n-Si heterojunction device. The Vfb can be
determined from the slope, i.e. drawn in the linear region of
the MS plot. From the extrapolation of the MS plot, the Vfb
for the device is found to be 0.34 V. The ND determined from
the slope for PEDOT:PSS(rGO)/n-Si device is found to be
2.48 × 1018 cm−3.
The AC impedance of a given circuit including resistive
and reactive elements at an angular frequency ω is nominally
presented as: Z(ω) = Z′(ω) – jZ″(ω), where Z′ and Z″ are
the real and imaginary parts of the impedance, respectively.
Usually the data resemble the shape of an arc of a circle with
the centre on or below the axis of Z′. The data can be modelled
with one simple parallel resistance–capacitance (R–C) circuit
with a resistor (Rj) and a capacitor (Cj) connected in parallel
as shown in Fig. 4b. The Rj is associated with the material
layer resistance and Cj is related to geometric capacitance of
the layer PEDOT:PSS(rGO) and n-Si. However, due to the
mismatch between the Fermi level of the contact electrode and
polymer material, a contact resistance is usually present in all
practical devices.14 Therefore, a series resistance (Rs) is considered in addition to Rj and Cj, when the data are simulated.
When the experimental curve was fitted to the R–C circuit,
a fine fit was not obtained. Further, we found that such a
depressed circular arc can be more appropriately modelled by
replacing the capacitor by a constant-phase element (CPE).15
The CPE has the impedance in the form of

ZCPE =

1
(j𝜔)n Q

where Q is a constant and n is the exponent with a value
between 0 < n < 1. The exponent n describes the degree of
capacitive nature of the component, for the ideal capacitor
(the n ranges from 0.9 to 1.0).
To fit our experimental results, we need one R–C and one
R–Q network in the equivalent circuit, where both Rj parallel
to Cj, Rp parallel to Qp, and series to Rs (Fig. 4b). In the present
case, the total impedance can be written as

Z(𝜔) = Rs +

1
Rj

1
+

1
Cj

+

1
Rp

1
+ Z1

CPEp

where Rs is the total series resistance due to probe and electrode contacts. Here, the (Rj, Cj) and (Rp, Qp) are the parallel
resistance and CPE impedance pair of p-n junction and back
contact, respectively. The incorporation of CPE in the circuit
system has been generally estimated to characterise non-ideal
capacitance. Previously proposed physical arguments on CPE
comprise distribution of energy states, spatially distributed
conductivity, dispersive (frequency-dependent) dielectric
property, etc.16 Hence, the observation of a CPE in our result
from the PEDOT:PSS(rGO)/n-Si device can most probably
be attributed to the inhomogeneous contact interface between
the PEDOT:PSS(rGO) surface and the metal electrodes.
The low-frequency region (0.1 mHz–1 kHz) represents the
material layer resistance (Rj) and the high-frequency region
(1 kHz–1 MHz) corresponds to CPE impedance as shown
in Bode plot (Fig. 4d). The IS data obtained by fitting the



CPE circuit

Time constant

Q (pMho)
235

n

τ (μs)

τ (μs)

0.917

0.017

12.14

impedance spectra of PEDOT:PSS(rGO)/n-Si device are presented in Table 2.

Conclusions
In summary, we have demonstrated the design of solid-state
heterojunction devices such as: rGO/n-Si, PEDOT:PSS/n-Si
and PEDOT:PSS(rGO)/n-Si produced via non-vacuum
solution-based processes. The fabrication technique presented
here can be exploited for other applications replacing highcost procedures. Out of all the heterojunction solar cells, the
PEDOT:PSS(rGO)/n-Si structure showed higher efficiency of
0.02%, which can be attributed to (i) formation of increased
conducting channels in the active region of the device and
(ii) lower series resistance of the device. The impedance
spectroscopic data are well fitted by an equivalent circuit
containing a CPE that accommodates the non-ideal capacitor
due to geometrical inhomogeneity. Thus, it is believed that
these results will provide new insight for solar cell researcher
to manipulate rGO and conducting polymers. Futuristically,
the interfacial science presented here can be extended to
further understand via atomistic simulations in order to
achieve efficient nanoscale energy conversion.
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