Published on 15 June 2017. Downloaded by National Chiao Tung University on 20/07/2017 06:54:26.

Joumal of

Materials Chemistry A

COMMUNICATION

{ ") Check for updates ‘

Cite this: J. Mater. Chem. A, 2017, 5,
13957

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue,

Inverted planar solar cells based on perovskite/
graphene oxide hybrid compositest

Chih-Chun Chung, Sudhakar Narra, Efat Jokar, Hui-Ping Wu and Eric Wei-Guang

. *
Received 25th May 2017 Diau
Accepted 15th June 2017

DOI: 10.1039/c7ta04575a

rsc.li/materials-a

Mixing graphene oxide (GO) with CHzNHzPbls (PSK) in varied
proportions (0.025, 0.05 and 0.075 mg mL™?%) and using GO nano-
sheets as a p-type electrode for devices with a layer-by-layer thin-film
configuration ITO/GO/PSK:GO/PCBM/Ag produced hybrid composite
perovskite solar cells. The efficiency of power conversion (PCE) of the
device prepared with GO in PSK solution (0.05 mg mL™) attained
15.2%, which is greater than that of a conventional planar hetero-
junction device (PCE 12.3%) fabricated using pristine PSK. In the
homogeneous PSK:GO active layers, PSK acted as a hole donor and
GO as a hole acceptor. The optimum GO concentration (0.05 mg
mL™Y) increased the charge mobility (investigated using Hall effect
measurements), enhanced the charge separation (investigated using
photoluminescence decays) and retarded the charge recombination
(investigated using electrochemical impedance spectra), consistent
with the trend of corresponding device performances. Our results thus
indicate that the hybrid PSK:GO layer increased the interfacial contact
between the donor and acceptor of holes to balance the charge
mobility and improved the photovoltaic performance with excellent
reproducibility and stability.

Introduction

Organic-inorganic methylammonium lead halide perovskites
(PSKs) exhibit an excellent light-harvesting ability and attract
much attention as high-performance next-generation solar
cells."™ To further enhance the efficiency of photo-conversion,
one should, however, consider the intrinsic properties of
perovskite materials, such as the defect sites of crystals, their
ferroelectric properties, the unbalanced mobility of charge
carriers and the electro-migration of ions."*® In addition to the
intrinsic perovskite properties, the device structure affects the
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device performance. High performance devices have been re-
ported with both regular (n-i-p) and inverted (p-i-n) film
configurations, as well as with various charge-transport mate-
rials.”*™ Due to the ambipolar properties of these materials,
perovskite crystals can transport both charge carriers (electrons
and holes) simultaneously’ and so they can be utilized for
fabricating planar heterojunction (PHJ) solar cells. Inverted PHJ
perovskite solar cells were investigated via simple solution-
based fabrication of a device at low temperature, which is
feasible for flexible photovoltaic applications.*®

Balancing the electron and hole mobilities is an effective
approach to improve the efficiency of PHJ perovskite solar cells,
for which the diffusion length of the holes in such a device is
greater than that of the electrons.”** As a result, a traditional
donor-acceptor bulk heterojunction configuration has been
considered in organic solar cells that can enhance the interfa-
cial contact to improve the charge separation significantly.?**
Among the few reports of the hybrid composite concept for
perovskite solar cells,>* heterojunction contact engineering
was introduced by blending an electron acceptor such as PCBM
inside PSK to improve both the quality of the perovskite films
and the efficiency of electron extraction.

The charge-transport layer is another parameter that plays
a significant role in improving the overall performance of PHJ
perovskite solar cells. In an inverted configuration, the hole-
extraction layer (HEL) serves as the first component interacting
with light substantially and so its optical properties are
important. Conducting polymer PEDOT:PSS and its derivatives
have traditionally served as the hole-extraction layer to increase
the hole-collection properties of OPV***' or inverted PH]J
perovskite solar cells,*** but the detrimental effects of its
acidity, hygroscopic properties and inhomogeneous electricity
make the long-term stability of devices using PEDOT:PSS as the
p-contact electrode a critical issue.**** Graphene oxide (GO) and
its derivative materials have been widely applied in photovoltaic
devices because of their excellent intrinsic optical and elec-
tronic properties.*® The optical and electrical properties of GO
can be controlled and modified by its surface chemistry. The
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excellent dispersion of GO in many common solvents, the cheap
and solution-based processes and the excellent stability are
other advantages that attract significant interest in the field of
solar cells.**

Herein we combined both concepts, (1) using GO to replace
PEDOT:PSS as a promising transparent p-contact electrode, and
(2) blending GO efficiently into PSK to form a PSK:GO hybrid
composite layer, to fabricate high-performance inverted perov-
skite solar cells with device configuration ITO/GO/PSK:GO/
PCBM/Ag. Graphene oxide acts not only as an efficient hole-
extraction layer but also as a hole acceptor in the hybrid PSK:GO
composites. On varying the amount of GO inside the perovskite
film (0.025, 0.05 and 0.075 mg mL '), we found that the PSK:GO
solar cell (0.05 mg mL™") exhibited the best efficiency of 15.2%,
which is superior to that of a conventional PSK solar cell (PCE
12.3%). Measurements of the Hall effect, photoluminescence
(PL) spectra, time-correlated single-photon counting (TCSPC)
and electrochemical impedance spectral (EIS) results showed
that GO is an efficient hole acceptor inside the perovskite layer
to balance electron and hole mobility, thereby enhancing the
charge separation and decreasing the charge recombination,
consistent with the trend observed for the corresponding
photovoltaic performance. The present work provides the first
demonstration of inverted perovskite solar cells using GO as
both the hole-extraction layer and hole acceptor in the PSK:GO
active layer.

Results and discussion

Graphene oxide was prepared according to a modified
Hummers' method;** the details are given in the Experimental
section. The formation of GO was confirmed with Raman and
FTIR spectra (Fig. Sla and b, ESLT respectively). GO was
dispersed in DMF to prepare a stock solution of 0.5 mg mL™"
concentration. Varied portions of the PSK:GO solutions were
prepared by mixing the GO stock solutions with the PSK solu-
tions in DMF with the concentration of PSK maintained at
45 mass% in 1 mL. With volume ratios of 5, 10 and 15% of the
GO stock solutions prepared in the PSK:GO precursor solutions,
the mass concentrations of GO in 45 mass% PSK of total volume
1 mL were 0.025, 0.05 and 0.075 mg mL ™', respectively. Fig. S2a
and b, ESI;i show the absorption spectra of the PSK:GO
precursor solutions and the corresponding thin-film samples
after spin-coating and solvent-annealing procedures.>** The
inverted perovskite/GO hybrid composite solar cells were
fabricated according to device configuration ITO/GO/PSK:GO/
PCBM/Ag as shown in Fig. 1a; the corresponding potential
energy levels of each layer are shown in Fig. 1b. A thin layer of
GO (as shown in the SEM image in Fig. S3, ESI{) served as an
efficient HEL; this conventional planar perovskite solar cell was
reported to attain a PCE of 12.4%,* superior to that of one with
PEDOT:PSS as the HEL reported in the same article. In the
present work, we used a pristine perovskite device as a reference
to compare the PV performance with those of other perovskite/
GO hybrid composite devices.

Fig. 2a-d show the SEM images of perovskite layers produced
with precursor solutions containing GO at concentrations of 0,
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Fig. 1 (a) Architecture of inverted perovskite solar cells with the
PSK:GO hybrid composite; (b) energy-level diagram of the corre-
sponding materials.

0.025, 0.05 and 0.075 mg mL ™', respectively; the corresponding
top-view images appear in the insets of each figure. The SEM
images show that uniform, smooth, and pin-hole-free PSK films
with well-crystallized and well-packed grains are formed. Even
with the same procedure to fabricate the perovskite films, the
film thickness systematically increased from 310 nm (without
GO) to 380 nm (with GO, 0.075 mg mL "), consistent with the
corresponding absorption spectra shown in Fig. S2b, ESI.{ The
SEM top-view images show that all pristine and GO-hybrid PSKs
had similar crystal morphologies, confirmed by the AFM topo-
graphical images in Fig. S4, ESL.T The crystallinity of these PSK
samples was confirmed by XRD data (Fig. S5, ESI{), showing
that these PSK nanocrystals all have high crystallinity in a single
phase. To determine whether GO nanosheets are evenly
distributed inside the PSK:GO composites, we employed the
elemental mapping of energy-dispersive X-ray spectra (EDX) to
investigate the depth profile of GO. Here cysteamine (NH,-
CH,CH,SH)-modified GO nanosheets were blended with PSK so
as to allow us to use S as a tracing element. The EDX mapping
results shown in Fig. S6, ESL,T indicate that the PSK:GO layer
has a homogeneous distribution of GO inside the entire PSK
layer.

Fig. 3a and b present the /-V characteristics and IPCE action
spectra of the inverted perovskite solar cells, respectively, with
the device configuration shown in Fig. 1a for the PSK active
layers fabricated with graphene oxide at concentrations of 0,
0.025, 0.05 and 0.075 mg mL™~; the corresponding photovoltaic
parameters are summarized in Table 1. The photovoltaic
performances of the perovskite/GO hybrid composite devices
improved systematically relative to a pristine perovskite device
(without GO blending) from small to moderate GO concentra-
tions, but degraded at a large GO concentration. The best
PSK:GO hybrid composite device was the one with a GO
concentration of 0.05 mg mL™", showing the PCE of 15.2% with
Jsc of 20.71 mA em ™2, Vo of 959 mV and FF of 0.763; the effi-
ciency is ~25% greater than that of the pristine perovskite
device (PCE 12.3%), which is comparable with those of other

This journal is © The Royal Society of Chemistry 2017
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Fig.2 Side-view SEM images of (a) pristine PSK layer, (b) PSK:GO (0.025 mg mL™) layer, (c) PSK:GO (0.05 mg mL™) layer and (d) PSK:GO (0.075
mg mL™Y) layer; the insets show the top-view SEM images of the corresponding perovskite films. All scale bars represent 500 nm.
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Fig.3
perovskite solar cells.

GO-based perovskite solar cells.*®** The enhanced photovoltaic
performances of the PSK:GO hybrid composite devices are
attributed to the increased interfaces inside the hybrid PSK:GO
active layer that enable efficient charge separation, but further
increase of GO concentration to 0.075 mg mL " led to a poor
dispersion of GO in the PSK:GO solutions causing the formation
of a poor film morphology on a large scale (Fig. S7, ESIt) and
significant degradation of the FF of the solar cells. We examined
the effect of hysteresis which is a typical problem in perovskite
solar cells.”>™® Fig. S8, ESI,T shows the J-V characteristics of both
pristine PSK and PSK:GO hybrid composite (0.05 mg mL™")
devices in varied scan directions as indicated; Fig. S9, ESL¥
shows the J-V curves of the PSK:GO hybrid composite (0.05 mg
mL ") device with delay intervals of 10-300 ms. Our results show
almost no hysteresis effect for all the JV curves under investiga-
tions, which indicates that the interfacial contact between
constituent layers in both devices was optimized.

This journal is © The Royal Society of Chemistry 2017
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(a) J-V characteristics of PSK and PSK:GO perovskite solar cells under AM 1.5G simulated illumination. (b) IPCE spectra of PSK and PSK:GO

Fig. 3b shows the IPCE spectra with a broad spectral
response in the range of 350-800 nm, which agrees with the
absorption spectra of perovskite thin films (Fig. S2b, ESIT); the
integrated current densities correlate closely with the photo-
currents in the j-V characteristics. The PSK:GO hybrid
composite device (0.05 mg mL ™" GO) exhibits a strong response
over the entire visible spectral region. Relative to the pristine
PSK device, the enhanced IPCE of the PSK:GO hybrid composite
perovskite solar cells originates from the contribution of gra-
phene oxide inside the hybrid PSK:GO layer. To confirm that the
enhancements in Jsc and PCE are due to the PSK:GO hybrid
composite structure rather than an increased thickness of the
perovskite film observed in Fig. 2, we performed control
experiments on increasing the film thickness of the pristine PSK
under the same experimental conditions but with greater
precursor concentrations (e.g. 47 and 50 mass%). The side-view
SEM images and the photovoltaic results appear in Fig. S10 and
S11, ESI,T respectively; the photovoltaic results are summarized

J. Mater. Chem. A, 2017, 5, 13957-13965 | 13959
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Table 1 Photovoltaic parameters, resistances and mobility of the pristine PSK and the PSK:GO hybrid composite inverted perovskite solar cells
based on composite layers with graphene oxide at varied concentrations

Devices Jsc/mA ecm 2 Voc/mV FF PCE/% Rgi*/Q cm? R.%/Q em? Mobility’/em* V™' s7*
PSK 18.11 927 0.731 12.3 8865 75.5 28.6
PSK:GO (0.025)d 19.59 945 0.730 13.5 9414 79.4 32.5
PSK:GO (0.05)d 20.71 959 0.763 15.2 99 978 313.4 35.3
PSK:GO (0.075)d 19.02 930 0.651 11.5 23 144 176.5 34.7

“ Shunt resistance obtained from the J-V curves is shown in Fig. 3a. > Charge recombination resistance obtained from the EIS spectra is shown in

Fig. 5. ¢ Electron mobility is obtained from Hall effect measurements. ¢

in Table S1, ESL{ The results of the control experiments show
that Jsc values increased with increasing thickness of the PSK
film, but the overall performances of the pristine PSK devices of
greater film thickness suffered from degraded V¢ and FF, likely
because of limited carrier transport in thicker PSK layers.
Comparing between pristine PSK and PSK:GO hybrid composite
devices with a PSK layer of the same thickness (340 nm), the
device with GO at 0.05 mg mL ™" performed much better than
the pristine PSK device, confirming the important role of GO in
improving the performance of a composite architecture. More-
over, we have carried out experiments for pristine PSK and the
PSK:GO hybrid composite (0.05 mg mL ') deposited on the
PEDOT:PSS electrode and then made the corresponding devices
for comparison. For each type of solar cell, twenty devices were
fabricated under the same experimental conditions and their
device performances are shown in Fig. S12;7 the corresponding
photovoltaic parameters of these two types of devices are listed
in Tables S2-S4, ESL.f For the PEDOT:PSS devices, we also
observed an enhancement in V¢ and FF for the PSK:GO hybrid
composite devices compared to the pristine PSK devices, similar
to the results of GO-based solar cells. From these consistent
results, we may conclude that the enhanced photovoltaic
performance of the devices made of the PSK:GO hybrid
composite is a general phenomenon for inverted perovskite
solar cells; the reasons are given below.

The significantly improved photovoltaic performance of the
PSK:GO hybrid composite device indicates that the charge-
carrier mobility inside the PSK:GO might be more balanced for
the PSK:GO hybrid composites than for the pristine PSK
perovskite solar cells.** The intrinsic carrier mobility of the
PSK:GO hybrid composites was evaluated from measurements
of the Hall effect; the results are summarized in Table 1. The
values of electron mobility exhibit a trend with increasing GO
concentration until 0.05 mg mL™", consistent with the trend of
the device performances. The Hall coefficients (from —0.0181 to
—0.0214) were negative, confirming the enhanced n-type prop-
erties of our pristine PSK and PSK:GO hybrid composite devices.
The carrier concentrations were determined based on the

— ZI

dvyQ
DC electric current, d the sample thickness, Vi the Hall voltage,
and Q the electronic charge. As shown in Table S5, ESI,{ the
carrier concentrations (1) are of order 10°° em 2, similar to
those in solution-processed films.** The value of n for the PH]J
perovskite film was greater than that for a single crystal of

formulan = , in which B, denotes the magnetic field, I the
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Concentration (mg mL™") of GO in the PSK:GO hybrid composite layers.

perovskite, which implies more trapping sites of nearly intrinsic
semiconducting behavior in the PSK nanocrystals.** The intro-
duction of GO into the perovskite layer slightly decreases the
amount of electron density that is explicable according to the
effect of passivation of defect sites of the perovskite in the
presence of GO. The values of electron mobility in the PSK:GO
hybrid composite films listed in Table 1 agree with the reported
values***® for highly efficient photovoltaic devices made with
crystalline films of great mobility.*” Because blending GO into
the PSK layer increases the charge mobility and decreases the
concentration of charge carriers to decrease the trap states for
retarded charge recombination, the presence of GO in PSK with
a hybrid heterojunction structure induces efficient charge
separation and creates a balance between the two charge
carriers.

The steady-state photoluminescence (PL) spectra and the
corresponding PL decays of PSK and the hybrid PSK:GO thin-
film samples are shown in Fig. 4a and b, respectively. All PL
spectra exhibit a sharp excitonic emission band with
a maximum at 770 nm. The PL intensities show the order PSK >
PSK:GO (0.075 mg mL ") > PSK:GO (0.025 mg mL™ ") > PSK:GO
(0.05 mg mL™ "), indicating that effective PL quenching occurred
inside the hybrid PSK:GO layer with small and moderate GO
concentrations. In contrast, the intensity of PL is greater ata GO
concentration of 0.075 mg mL™" than for the other PSK:GO
devices, indicating that PL quenching due to charge separation
becomes less efficient when the GO concentration increases.
The PL intensities serve as indirect markers of the lifetimes of
the excitons produced in these samples, but direct evidence is
derived from measurement of the PL decay kinetics of these
samples using the TCSPC technique. As shown in Fig. 4b, the
normalized PL transients (e = 635 nm and Ap;, = 770 nm)
exhibit a decay feature with a trend similar to the trend of PL
quenching as shown in Fig. 4a. These PL transients were fitted
using a multi-exponential decay function; the corresponding
time coefficients (relative amplitudes in parentheses) are
summarized in Table S6, ESL.{

For pristine PSK, two decay components sufficed for the fit:
the first decay component (t; = 24 ns) corresponds to non-
radiative surface-state relaxation of PSK, and the second decay
component (t, = 429 ns) is attributed to recombination in the
bulk.**** In contrast, all PL transients of the PSK:GO samples
require three decay components for a satisfactory fit. Relative to
the pristine PSK sample, the values of the first decay coefficient
(74) are one tenth of those of the PSK:GO samples with the order

This journal is © The Royal Society of Chemistry 2017
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(a) Photoluminescence spectra and (b) transient photoluminescence of either pristine PSK or the PSK:GO hybrid composite layer with

progressively varied GO ratio (red, blue, and green) compared with those of the control sample (black).

71 (0.05 mg mL™") < 7; (0.025 mg mL~") < 7, (0.075 mg mL™ "),
consistent with the trend observed for the PL quenching. The
rapid non-radiative relaxation of the hybrid PSK:GO samples
indicates that hole injection from PSK into GO in the PSK:GO
hybrid composite structure is efficient. In particular, the tran-
sient of the PSK:GO (0.05 mg mL ') sample has the smallest 7,
value (2 ns) with a large relative amplitude (0.76), which
explains that enhanced charge separation in the PSK:GO
composite plays a key role in improving the device performance,
as shown in Fig. 3. For the PSK:GO (0.075 mg mL ") sample, PL
quenching was less efficient because the relative amplitude of 7,
was much smaller than those of both other PSK:GO hybrid
composite samples. This result indicates that GO at a large
concentration in PSK would agglomerate (Fig. S7, ESIt) to
impede the hole extraction, which deteriorates the device
performance significantly. Moreover, we found that the slow
decay feature in PSK was described with two decay components
with time coefficients 7, and 75 in the PSK:GO samples, but the
relative amplitudes were much smaller than that of 7, of the
pristine PSK sample. The trend of relaxation times shows the
order (0.05 mg mL ") < (0.025 mg mL™") < (0.075 mg mL ") for
7, but the reverse order (0.075 mg mL ") < (0.025 mg mL™") <
(0.05 mg mL ™) for 3. This result indicates that 1, is still related
to hole extraction with the same trend as 7; but 73 might be
related to the recombination in the bulk, for which the best
PSK:GO hybrid composite cell (0.05 mg mL ") exhibits retarded
recombination considering its great PV performance.

We recorded the electrochemical impedance spectra (EIS) to
investigate the internal electrical processes under one-sun
illumination and open-circuit conditions, which were intro-
duced into the system of perovskite solar cells to monitor the
interfacial changes.”** The Nyquist plots of the pristine PSK
and PSK:GO hybrid composite devices shown in Fig. 5 display
typical semicircles in the frequency range of 100 mHz to 4 MHz.
For all perovskite solar cells, two arcs are evident in the Nyquist
plots, which can be well fitted with an equivalent circuit shown
on top of Fig. 5; the corresponding fitted parameters are listed

This journal is © The Royal Society of Chemistry 2017

in Table S7, ESL{ In general, three arcs might be produced in
the Nyquist plots: the high-frequency (hf) arc might be associ-
ated with the charge transfer of selective contacts, the inter-
mediate-frequency (if) arc might be related to the charge
recombination in the photoactive layer and the low-frequency
(If) arc might be due to dielectric relaxation.*** Such a feature
appearing in the If range with slow dynamics could be assigned
to the dielectric relaxation process; it is a procedure governed by
an interfacial ion reorganization or aligning dipoles under an

external electrical field and further induces a charge
Ry G, G
—AMN A\ A\
/4 I/
R, R,
200 T T T T " T T T
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Fig. 5 Nyquist plots obtained from the electrochemical impedance
spectra (EIS) of the pristine PSK and PSK:GO hybrid composite devices
under one-sun illumination and open-circuit conditions. The scat-
tered points are experimental data and the solid lines are curves fitted
according to the equivalent circuit shown above.
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Fig. 6 (a) Histograms of the pristine PSK and PSK:GO hybrid composite inverted perovskite solar cells fabricated under the same experimental
conditions. (b) Profiles of efficiency stability of the pristine PSK and PSK:GO hybrid composite devices as a function of storage period.

polarization which is intrinsic to the original properties of
perovskites, e.g. different cations or halides. It is suggested that
the dielectric relaxation is the charge rearrangement from
a disordered distribution to an ordered distribution and creates
a dipole which might be the main reason for charge accumu-
lation (lower charge separation) in solar cells.””* In our case, as
only two arcs were observed in the Nyquist plots for all devices,
which were not the hf arc, we attribute the two arcs to charge
recombination and dielectric relaxation for which the corre-
sponding impedances are R, and R,, respectively.>® Because the
hole-selective contact (GO) and the electron-selective contact
(PCBM) are the same for all pristine PSK and PSK:GO hybrid
composite solar cells, the observed systematic variation of Ry
and R, values reflects the retarded charge recombination and
decreased dielectric relaxation in the active layer in the order
PSK:GO (0.05 mg mL ') > PSK:GO (0.075 mg mL ') > PSK:GO
(0.025 mg mL~ ") > pristine PSK, consistent with the trend of the
shunt resistance (Rsy) summarized in Table 1. All devices were
fabricated with the same architecture, but R, systematically
increased with increasing amount of GO inside the PSK nano-
crystals until GO reached the optimal concentration (0.05 mg
mL ™). We attribute the increased R, in the 0.05 mg mL ™" device
to the retardation of the dielectric relaxation and so the charge
accumulation in that PSK:GO hybrid composite was minimized
for improved charge separation.® Blending of GO into PSK thus
had an effect both to decrease the rate of charge recombination
(increasing Voc) and to slow the dielectric relaxation (increasing
Jsc and FF) in the PSK:GO active layer, producing the improved
overall device performance observed in Fig. 3 except for the
PSK:GO hybrid composite (0.075 mg mL™") device, for which
the inhomogeneity of the hybrid film (Fig. S7, ESI{) led to a poor
FF and worse performance than those of the other two hybrid
composite devices.

Fig. 6a and b show histograms of the PCE and profiles of
efficiency stability, respectively, to compare the reproducibility
and stability of both pristine PSK and PSK:GO hybrid composite
devices. The corresponding devices were fabricated under the
same experimental conditions for solar cells of each type; the

13962 | J. Mater. Chem. A, 2017, 5, 13957-13965

photovoltaic parameters are listed in Tables S8-S11, ESL. The
average PCEs are 11.0 £ 0.7%, 12.7 &+ 0.7%, 14.3 £ 0.6% and
10.7 + 0.6% for pristine PSK, PSK:GO (0.025 mg mL~?), PSK:GO
(0.05 mg mL ™) and PSK:GO (0.075 mg mL "), respectively. To
test the long-term stability of the devices, we stored both pris-
tine PSK and PSK:GO (0.05 mg mL™") solar cells in air (relative
humidity 50%) and in a glovebox without encapsulation for
a period of 2000 h. Fig. 6b shows that both devices suffered from
rapid degradation of performance on storage in air, which
originates from the sensitivity of the perovskite crystals to
moisture under a relative humidity of 50%. In contrast, the
performance of the PSK:GO hybrid composite solar cells in an
inert atmosphere retained nearly 80% of the initial device value
on storage over 2000 h whereas the pristine PSK device retained
only half of its initial performance. The PV performance of the
PSK:GO hybrid composite device in the glovebox was stable for
the initial 800 h, showing an excellent intrinsic stability for solar
cells of this type.

Conclusion

Graphene oxide (GO) served as a hole acceptor and the p-
contact electrode in our constructed inverted hybrid
composite perovskite solar cells with device architecture ITO/
GO/PSK:GO/PCBM/Ag for PSK:GO composites with three GO
concentrations, 0.025, 0.05 and 0.075 mg mL™". The presence
of GO in the hybrid PSK:GO composite enhanced the charge
separation, retarded the charge recombination and balanced
the charge mobility to attain the best device performance with
a PCE of 15.2% at a GO concentration 0.05 mg mL ™", which is
much greater than that of a GO-based planar heterojunction
device (PCE 12.3%) without GO in the active layer. We
emphasize the significant contribution of graphene oxide
inside the PSK:GO composite layer in improving the photo-
voltaic performance with great reproducibility and stability via
low-temperature and cost-effective solution-based fabrication,
which offers prospective applications for flexible photovoltaic
devices.

This journal is © The Royal Society of Chemistry 2017
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Experimental section
Synthesis of graphene oxide

Graphene oxide was prepared by oxidation of natural graphite
powder according to a modified Hummers' method.** Briefly,
graphite powder (1.0 g) was sonicated in concentrated sulfuric
acid (30 mL, 96-98%) at 23 °C for 1 h. NaNO; (0.5 g) was added
under stirring ; the mixture was cooled in an ice bath. Under
vigorous stirring, KMnO, (6.0 g) was added slowly. The reaction
system was transferred to an oil bath (37-40 °C) for about 1 h.
H,O0 (200 mL) was added slowly, with stirring for another 30 min
while the temperature was increased to 70-80 °C. In the final
step, H,O (200 mL) was added, followed by a slow addition of
H,0, (5-7 mL, 30%); in this stage, the colour of the solution
changed from brown to yellow. The mixture was centrifuged
and washed with HCl aqueous solution (5%), followed by
repeated washing with H,O and then with DMF. The resulting
solid was dispersed in DMF with agitation followed by ultra-
sonication. The obtained brown dispersion was centrifuged (30
min, 3000 rpm) to remove unreacted graphite or agglomerated
sheets.

Preparation of the perovskite film

The synthesized CH3NH;I powder® was mixed with Pbl, (Alfa
Aesar) in a 1 : 1 molar ratio in anhydrous DMF at 70 °C for 3 h
with a CH3NH;PbI; (PSK) concentration of 45 mass%. Gra-
phene oxide was dispersed in DMF (concentration 0.5 mg
mL ™). A blended solution was prepared on mixing the stock
solution of perovskite and graphene oxide solution. The
concentration of perovskite in both pristine PSK solution and
PSK:GO solution was fixed to 45 mass%; PSK:GO solutions were
prepared with graphene oxide (GO) at mass concentrations of
0.025, 0.05 and 0.075 mg mL . After the pre-cleaned ITO
substrates were treated with UV-ozone for 18 min the GO layer
was spin-coated on the ITO substrates at 4000 rpm (torsion rate:
12 000 rpm s~ ') with the GO solution of 0.5 mg mL " concen-
tration, followed by annealing at 125 °C for 10 min. The
perovskite films were deposited using the solvent-induced
method.® Pristine PSK solution or PSK:GO solution was first
spin-coated on top of the ITO/GO substrate at 5000 rpm (torsion
rate: 10 000 rpm s~ ). With a delay period of 5 s, chlorobenzene
was dropped on the substrate to promote rapid nucleation,
followed by annealing at 100 °C for 2 min. The films were
subjected to solvent annealing:** the perovskite film was kept
under DMF vapor at 100 °C for 10 min. PCBM solution in
chlorobenzene (2 mass%) was spin-coated on a pristine PSK
layer or a PSK:GO hybrid composite layer at 1000 rpm (torsion
rate: 1000 rpm s’l) for 30 s to serve as an electron-transport
layer. Ag (100 nm) was deposited by thermal evaporation in
a vacuum system (pressure 5 x 10~ ® Torr); with a metal mask
the active area of the device was 0.0225 cm?,

Characterization of materials and devices

A field-emission scanning electron microscope (FESEM, Hitachi
SU8010) and atomic force microscope (VT SPM, SII Nanotech-
nology Inc.) were used to investigate the morphology and

This journal is © The Royal Society of Chemistry 2017

View Article Online

Journal of Materials Chemistry A

structure of the samples. The X-ray diffraction (XRD) patterns of
the thin films coated on the ITO substrates were obtained with
an X-ray diffractometer (Bruker AXS, D8 Advance, Cu Ka irra-
diation, A = 154.18 pm). The Raman spectra of graphene oxide
confirmed two lines at G (1605 cm™ ") and D (1339 cm™"). The
functional groups of various types were deduced from the
infrared (FTIR) spectra of GO. The current density-voltage
characteristics of the devices were recorded with a digital source
meter (Keithley 2400) under one-sun illumination (AM 1.5G,
100 mW cm %) with a solar simulator (XES-40S1, SAN-E1),
calibrated with a silicon diode and a KG-5 filter to decrease the
mismatch of the spectrum. The spectra of incident photons to
current (IPCE) were recorded with a system comprising a Xe
lamp (A-1010, PTi, 150 W) and a monochromator (PTi). The
absorption spectra of the thin-film and solution samples were
recorded with a spectrophotometer (JASCO V-570).

The photoluminescence (PL) spectra were recorded in the
range of 650-900 nm with excitation at 635 nm (LDH-635,
PicoQuant). The PL transients were recorded with a time-
correlated single-photon counting (TCSPC) system (Fluotime
200, PicoQuant, excitation at 635 nm) from a picosecond
pulsed-diode laser (LDH-635, PicoQuant, FWHM ~ 70 ps). The
repetition rate of the laser used for all experiments was 0.5 MHz
and the pulse energy was 1 nJ cm % the beam size was
expanded to 1.5 mm x 3.5 mm. The PL temporal profiles were
collected at 770 nm, which is the maximum for all the perov-
skite samples under investigation. The electrochemical
impedance spectra (EIS) of all the devices were measured with
an electrochemical workstation (IM 6, Zahner, Germany) over
the frequency range of 100 mHz to 4 MHz with an ac amplitude
of 10 mV under one-sun illumination and open-circuit condi-
tions. The obtained EIS data were fitted (Z-view software) based
on the equivalent circuit model. The mobilities and concen-
trations of the charge carriers of the perovskite films were
measured with Hall effect equipment (Nanometrics HL5500
Hall system) performed with four-square gold contacts at the
corners. The perovskite films were measured under a magnetic
field of 0.5 T and a constant DC current.
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