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anocomposite as an electron
transport layer for perovskite solar cells; the effect
of graphene concentration on photovoltaic
performance

P. S. Chandrasekhar * and Vamsi K. Komarala

Perovskite solar cells (PSCs) have been fabricated by a graphene/ZnO nanocomposite (G/ZnO NC) as an

electron transporting layer. We use a novel spray deposition method compatible with large area

processing methods for deposition of pristine ZnO and G/ZnO NC films. We show the effect of varying

the graphene concentration in the G/ZnO NC films from 0 to 1 wt% on the photovoltaic performance of

PSCs. We find that a 0.75 wt% graphene concentration in the G/ZnO NC films gives an optimum PSC

performance with short circuit current density and power conversion efficiencies going up from 15.54 to

19.97 mA cm�2, and 7.01 to 10.34% respectively as compared to pristine ZnO. The enhancement in

photovoltaic performance is attributed to the superior growth of the perovskite thin-film and enhanced

electron transport/extraction on using the graphene network in the NC.
1. Introduction

Methylammonium lead halide and mixed halide CH3NH3PbX3

(X ¼ Cl, Br, I) perovskite solar cells (PSCs) have attained
signicant attention in the photovoltaics community because of
their promising power conversion efficiency (PCE).1 Since 2009,
the PCE of PSCs has continuously improved from 3.8% to 18%,
and recently the PCE has reached a certied value of 22.1%.2–4

The rapid improvement in the PCE of PSCs is due to the unique
optoelectronic properties of the perovskite material such as;
high charge carrier mobility, large optical absorption coeffi-
cient, tunable band gap and the ease of fabrication.5–8

Currently, PSCs are fabricated mostly based on TiO2 as an
electron transport layer (ETL); some attempts also are made with
other oxide semiconducting materials like; ZnO and SnO2.9 The
ETL plays a major role in the device architecture by accepting
electrons from the perovskite material and then transferring to
a conducting glass substrate (uorine doped tin oxide; FTO).10

The critical issue of the TiO2 lm preparation is high annealing
temperature (�500 �C), which is not suitable for the fabrication of
PSCs on plastic substrates, and this step also has an economic
implication in large scale production. In an alternative to the
TiO2, researchers have started working on ZnO as an ETL for PSC
application, and the advantage of ZnO is that it does not require
any heating/sintering step.11 The ZnO also has better electron
mobility than the TiO2 and is a suitable n-type semiconductor
with wide energy band gap (Eg ¼ 3.37 eV at 27 �C).12 However,
of Technology Delhi, New Delhi-110016,

; Tel: +91-11-2659-6408

5

PSCs based on the ZnO have shown lower PCE than a TiO2; the
ZnO decomposes the perovskite material during annealing
process (due to the existence of hydroxide groups on the surface
of ZnO nanoparticles).13 Moreover, the charge carrier recombi-
nation at a metal oxide/perovskite interface is another censorious
factor in PSCs that hinders the charge transportation and further
PCE of a device. To address this problem; the graphene deriva-
tives and semiconductingmetal oxide nanocomposites have been
employed as ETL for improving the charge collection efficiency.

Han et al. also have reported the fabrication of PSCs based
on rGO–TiO2 composite as an ETL, which reduced the interfa-
cial resistance and improved the charge collection
efficiency.14 M. M. Tavakoli et al. have fabricated PSCs based on
ZnO/rGO core–shell quantum dots as an ETL to improve the
charge carrier extraction from the perovskite layer, and
explained the decomposition mechanism of perovskite material
on ZnO nanoparticles15 andWang et al. have shown the reduced
graphene oxide (rGO)–TiO2 composite as a blocking layer to
reduce the series resistance between TiO2 and FTO in the planar
structure PSCs.16 In this way, the introduction of rGO in a PSC
can passivate the ZnO layer to prevent the decomposition of
perovskite material but also can help in charge carrier's
extraction quickly from the perovskite layer to reduce recom-
bination, so, graphene can play a signicant role in a device PCE
and further in stability.15,17 In this work, we systematically
investigated the effect of graphene concentration on the
photovoltaic performance of PSCs based on graphene/ZnO
nanocomposite (G/ZnO NC) as an ETL. We try to provide
some reasons for the enhancement in PCE of PSC due to the
presence of graphene in the G/ZnO NC.
This journal is © The Royal Society of Chemistry 2017
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2. Experimental
2.1. Device fabrication

The device structure consists of; a bottom electrode as a uo-
rine-doped tin oxide (FTO) coated glass substrate, thick ZnO
layer, G/ZnO NC as an ETL, light absorbing perovskite layer
(CH3NH3PbI3), Spiro-OMeTAD as a hole transporting layer
(HTL), and the top metal silver electrode. The PSC architecture
is presented in Fig. 1. Initially, the FTO glass substrates were
etched with Zn dust and hydrogen chloride (HCl, 2 M), and then
cleaned by ultrasonication with detergent, de-ionized water,
acetone, and isopropanol for 20 min each. Further FTO glass
substrates were treated with the oxygen plasma for 20 min.
Then the ZnO compact layer was deposited by spray at 115 �C
using 200 ml of ZnO solution (100 mg of ZnO nanopowder in
20 ml of ethanol with a few drops of glacial acetic acid). The G/
ZnO NCs are prepared by blending different concentration of
(0.25, 0.5, 0.75 and 1.0 wt%) of single layer graphene
(commercially available) in ZnO solution (ethanol as a solvent),
and the resulting product was probe sonicated for 60 min. The
G/ZnO NCs of precursor solutions were sprayed on the ZnO
compact layer coated FTO glass substrates at a temperature of
150 �C, a nozzle-to-substrate distance was kept 10 cm, and the
solution ow rate was 100 ml min�1 for 10 min duration. The
procedure was repeated twice to get continuous, and uniform
lms. Aer that, PbI2 solution was spun on top of the pure ZnO
and G/ZnO NC lms at 4500 rpm for 30 s followed by annealed
at 70 �C for 30 min, then the PbI2 lms are dipped in dry iso-
propanol for 20 s, and subsequently dipped in CH3NH3I solu-
tion (10mgml�1 in isopropanol) for 1 min and then annealed at
70 �C for 30 min. The Spiro-OMeTAD hole transporting layer
[80 mg Spiro-OMeTAD, 28.5 ml 4-tertbutylpyridine and 17.5 ml
lithium bis(triuoromethane sulfonyl)imide (Li-TFSI) solution
(520 mg Li-TFSI in 1 ml acetonitrile) are dissolved in 1 ml
chlorobenzene] was spun at 4500 rpm for 30 s. Finally, �80 nm
silver thin lm was deposited by thermal evaporator with
a deposition rate of 1 Å s�1 in a high vacuum of 2 � 10�6 mbar.
The solar cell active area is 0.20 cm2, as dened by a shadow
mask.
2.2. Characterization

The structure and surface morphology of perovskite lms were
analyzed by X-ray diffractometer (XRD, Rigaku Ultima-IV,
Japan), scanning electron microscope (SEM, Carl-ZEISS EVO-
18 microscope), respectively. The surface roughness of
Fig. 1 Schematic of the perovskite solar cell architecture fabricated
using G/ZnO nanocomposite as an electron transporting layer.

This journal is © The Royal Society of Chemistry 2017
perovskite lms was estimated by atomic force microscope
(AFM, Bruker, Dimension Icon). Optical measurements were
conducted by Perkin-Elmer lambda (1050) spectrophotometer.
Photoluminescence (PL) spectra of perovskite lms were
recorded by Edinburgh instrument with an excitation wave-
length of 530 nm. Current density–voltage (J–V) characteristics
of PSCs were recorded by an Agilent 4155C semiconductor
parameter analyzer, and with an illumination light intensity of
�100mW cm�2 (Xenon arc lamp with an air mass 1.5 lter from
Newport). An NREL calibrated photodetector was used for
intensity calibration by adjusting the distance between Xenon
arc lamp and solar cell. Incident photon to current conversion
efficiency (IPCE) measurements were carried out by a Xenon
lamp (Newport) attached to a monochromator (Newport). Two
lenses were used to focus a monochromatic light on an active
area of a PSC. An NREL calibrated photodiode also was used as
a reference for calibrating the IPCE system before the
measurements.

3. Results and discussion

In Fig. 2, we presented the XRD patterns of the ZnO lm (on
a bare glass substrate) and perovskite lm (on ZnO/FTO-coated
glass substrate). The Fig. 2a shows four diffraction peaks at 2q¼
31.75�, 34.32�, 36.27� and 47.52�, which correspond to the (100),
(002), (101), and (102) planes of the wurtzite ZnO structure, and
these peaks are in good agreement with the JCPDS data card no.
36-1451.18 The Fig. 2b shows the diffraction pattern of perov-
skite lm, the diffraction peaks are from [(110), (200), (202),
(211), (004), (310), and (314)] planes of tetragonal phase of the
perovskite structure, which are in good agreement with re-
ported literature.19 The other diffraction peaks in the Fig. 2b at
2q ¼ 26.42�, 37.68�, and 40.48� related to the FTO glass
substrate (indicated by an asterisk) along with some ZnO
diffraction peaks. Fig. 2c shows the diffraction pattern of gra-
phene having a sharp diffraction peak �26.5�. In the case of the
Fig. 2 XRD patterns of (a) spray deposited ZnO film on a glass
substrate, (b) perovskite film on a ZnO/FTO-coated glass substrate, (c)
graphene and (d) perovskite sensitized ZnO and G/ZnO nano-
composite films.

RSC Adv., 2017, 7, 28610–28615 | 28611
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Fig. 3 SEM images of (a) ZnO and (b) 0.75 wt%. G/ZnO nano-
composite films.

Fig. 4 SEM and AFM micrographs of perovskite films prepared on ZnO
coated on glass substrates, respectively.

Fig. 5 TEM images of (a) graphene, (b) G/ZnO nanocomposite and inse

28612 | RSC Adv., 2017, 7, 28610–28615
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G/ZnO NC (Fig. 2d), there is no diffraction peak related to the
graphene, which is due to the presence of tiny quantities of
graphene. Hence, the XRD pattern of the G/ZnO NC is nearly
same as that of ZnO (Fig. 2a). The XRD patterns of perovskite
sensitized ZnO and G/ZnO NC have shown in the Fig. 2d. We
have observed an intense diffraction peak of (110) at �14.1�

related to the perovskite material from the G/ZnO NC lm, in
comparison to the pristine ZnO lm. Which indicate the gra-
phene role in the better growth of perovskite thin lm with an
improvement in the crystallinity.
film (a and b), and on 0.75 wt% G/ZnO nanocomposite film (c and d)

t of (a) shows the Raman spectrum of graphene.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) Current density–voltage graphs and (b) incident photon to
current conversion efficiency (IPCE) spectra of perovskite solar cells
prepared by the G/ZnO composites with different graphene
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Apart from a crystal structure, the surface morphology of
perovskite lm also plays a crucial role in the photovoltaic
performance. The simple spray deposition method can affect
the ZnO and G/ZnO NC lms growth, and later the perovskite
lms morphology during the growth. The SEM images of pris-
tine ZnO and 0.75 wt% G/ZnO NC lms have shown in Fig. 3.
The difference between surface morphologies of pristine ZnO
and G/ZnO NC lms is not much, except a very small variation
in the grain growth. The SEM and AFM micrographs of the
perovskite lms on pristine ZnO and 0.75 wt% G/ZnO NC lms
are presented in Fig. 4. One can see the large difference in the
perovskite lms grain growth from the nearly similar
morphologies of the pristine ZnO and G/ZnO NC lms. The
perovskite lm on the pure ZnO lm resulted in non-uniformity
with small grain sizes (10 to 100 nm), and the grains are close to
each other with some pin holes (Fig. 4a). Whereas in the case of
the perovskite lm on the G/ZnO NC lm resulted in improve-
ment of the grain size of 200–250 nm (Fig. 4c). The perovskite
lm on the ZnO lm has shown a large root mean square (RMS)
roughness of �114 nm (Fig. 4b), whereas on the G/ZnO NC has
shown the RMS roughness of �61 nm only (Fig. 4d). The gra-
phene in the NC has facilitated the inltration of perovskite
precursor (with better loading), and then the formation of the
smooth lm with an improvement in surface morphology of the
perovskite layer. The large grain size perovskite layer helps with
the better carrier mobility by reducing the defect and trap states
from the perovskite grain boundaries.20 In addition, we have
carried out the TEM analysis to conrm the uniform distribu-
tion of graphene in the nanocomposite. The TEM images of
graphene and G/ZnO NC have shown in Fig. 5a and b, respec-
tively. From Fig. 5b, one can see the presence of graphene sheets
among the ZnO nanoparticles. We also recorded the Raman
spectrum of graphene (inset of Fig. 5a), it consists of ‘D’ (defect)
and ‘G’ (graphitic) bands around 1349 cm�1 and 1590 cm�1,
respectively.

The absorption spectra of perovskite lms (on the ZnO and
G/ZnO NCs) are presented in Fig. 6a. The lms have exhibited
a broad range of light absorption (from 350 to 760 nm), with an
increase of graphene concentration in the NC lms the
Fig. 6 (a) Absorbance and (b) photoluminescence spectra of perovskite fi

This journal is © The Royal Society of Chemistry 2017
absorption in perovskite lms also increased linearly. In our
case, the bare perovskite lm has shown the lower absorbance
than the normal absorbance of perovskite lm (thickness of
350–400 nm) reported in the literature,21–23 due to the smaller
thickness of �200 nm. The large surface area of graphene
sheets in the nanocomposite enhanced the perovskite
anchoring around the graphene, which facilitated an improve-
ment in the grain growth and further the absorption. The PL
measurements are also carried out to understand the charge
carrier recombination in the perovskite lms without and with
different concentration of the graphene in the ZnO lm. The
perovskite lm on the bare ZnO has shown a broad emission
peak at�780 nm (Fig. 6b); whereas with the G/ZnONC, the PL is
lms on G/ZnO nanocomposites with different graphene concentration.

concentration.
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Table 1 Photovoltaic parameters of perovskite solar cells prepared by the G/ZnO nanocomposites with different graphene concentration

Device Voc (V) Jsc (mA cm�2) FF (%) PCE (%)

0.0 wt% G/ZnO 0.792 � 0.03 15.54 � 0.98 51.64 � 1.24 7.01 � 0.66
0.25 wt% G/ZnO 0.861 � 0.02 16.34 � 0.95 52.41 � 1.08 7.36 � 0.08
0.50 wt% G/ZnO 0.943 � 0.05 18.44 � 1.31 50.81 � 1.56 8.81 � 0.17
0.75 wt% G/ZnO 0.926 � 0.07 19.97 � 1.08 56.31 � 1.18 10.34 � 0.18
1.00 wt% G/ZnO 0.951 � 0.04 19.24 � 0.76 51.23 � 1.36 9.37 � 0.48
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quenched signicantly and it is slightly sensitive to the gra-
phene concentration. The PL intensity reduction of perovskite
lms with the graphene is due to efficient charge carrier
extraction by the graphene network in the NC lm.24

For PSC performance evaluation based on the G/ZnO NC as
an ETL, the J–V and IPCE measurements are conducted and
their corresponding graphs are presented in Fig. 7a and b,
respectively, the photovoltaic parameters are summarized in
Table 1. With an increase in the concentration of graphene in
the NC; the short-circuit current density (Jsc), open circuit
voltage (Voc), ll factor (FF) and PCE are enhanced up to
a certain concentration, then aer the cell performance is
deteriorated. With 0.75 wt% graphene concentration in the NC,
the device has exhibited an improvement in Jsc from 15.54 mA
cm�2 to 19.97 mA cm�2, and the PCE from 7.01% to 10.34%.
The IPCE measurements have also supported an enhancement
in the photocurrent from the PSCs (Fig. 7b). One can observe
the graphene concentration dependent enhancement in the
IPCE, more than 75% of photon-to-current conversion efficiency
is observed with the graphene, whereas without the graphene
the IPCE is limited to �55%.

The G/ZnO NC has facilitated for uniform bigger grains and
small surface roughness perovskite lms growth (Fig. 4c and d).
In the PSCs, an ETL plays a crucial role, which can hinder
electron transport due to grain boundary scattering and with
the recombination process. With the graphene in the NC, an
electron transport is accelerated due to better charge extraction
and conductivity. The intimate contact between the G/ZnO and
perovskite lm also can lead to a reduction in interfacial
resistance and further an improvement in charge collection
efficiency. There is also an optimum energy band alignment
between the G/ZnO NC and perovskite,25 due to this the elec-
trons can easily transfer from the perovskite material to the
NC.15 Relatively large size perovskite crystals on the G/ZnO NCs
can also scatter the incoming light efficiently, increasing the
photon recycling efficiency as studied recently by Friend
et al.26,27 Large crystals can redirect the light from off-normal
and thereby improve the effective optical path length of
a device.19 So, the efficient charge extraction and improved
mobility under the presence of graphene network in the NC and
to some extent the light forward scattering with the NC are
responsible for an enhancement in the Jsc and PCE of the PSC.
However, with a large concentration of graphene (1.0 wt%), the
device performance is affected adversely despite an improve-
ment in light absorption (Fig. 6a). It could be due to a parasitic
absorption by the graphene itself,16 and also a direct contact
28614 | RSC Adv., 2017, 7, 28610–28615
between the graphene and perovskite can lead to an inferior
charge selective electrode with charge carrier recombination.15

Below 0.75 wt% of graphene concentration in the NC; the
perovskite precursor loading may not be sufficient to grow
uniform lms with appropriate morphology, due to this there is
no considerable improvement in the photovoltaic performance
of the device. However, there was a gradual improvement in the
photovoltaic performance with an increase in the graphene
concentration. So, there should be an optimum graphene
concentration (0.75 wt% graphene, as per our ndings) in the
NC for better inltration of perovskite precursor into a scaf-
folding layer, and also for providing an efficient charge trans-
port mechanism aer photo-carrier generation in a device
structure.
4. Conclusions

In summary, we have demonstrated the role of graphene
concentration in the PSC performance aer incorporating in
the G/ZnO NC electron extraction layer. With the graphene, we
have observed an improvement in perovskite lm grains growth
and further short circuit currents and power conversion effi-
ciencies. The interfacial modication of the ZnO with graphene
is led to signicant power conversion efficiency due to an
enhancement in the charge transport/extraction, optimum 0.75
wt% of graphene in the NC resulted in the best PSC perfor-
mance. This work can open the new avenues for achieving the
higher efficiencies of solar cells with the better electron trans-
port layers from the NCs.
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