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Functionalization of Graphene Oxide Films with Au  
and MoOx Nanoparticles as Efficient p-Contact Electrodes 
for Inverted Planar Perovskite Solar Cells
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A graphene oxide (GO) film is functionalized with metal (Au) and metal-
oxide (MoOx) nanoparticles (NPs) as a hole-extraction layer for high-
performance inverted planar-heterojunction perovskite solar cells (PSCs). 
These NPs can increase the work function of GO, which is confirmed with 
X-ray photoelectron spectra, Kelvin probe force microscopy, and ultraviolet 
photoelectron spectra measurements. The down-shifts of work functions 
lead to a decreased level of potential energy and hence increased Voc of the 
PSC devices. Although the GO-AuNP film shows rapid hole extraction and 
increased Voc, a Jsc improvement is not observed because of localization of 
the extracted holes inside the AuNP that leads to rapid charge recombination, 
which is confirmed with transient photoelectric measurements. The power 
conversion efficiency (PCE) of the GO-AuNP device attains 14.6%, which 
is comparable with that of the GO-based device (14.4%). In contrast, the 
rapid hole extraction from perovskite to the GO-MoOx layer does not cause 
trapping of holes and delocalization of holes in the GO film accelerates rapid 
charge transfer to the indium tin oxide substrate; charge recombination in the 
perovskite/GO-MoOx interface is hence significantly retarded. The GO-MoOx 
device consequently shows significantly enhanced Voc and Jsc, for which 
its device performance attains PCE of 16.7% with great reproducibility and 
enduring stability.
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and holes in a perovskite crystal, thin-
film perovskite solar cells with a planar-
heterojunction (PHJ) configuration have 
been developed.[2,3] In the PHJ struc-
ture, the perovskite layer serves as a light 
absorber between the two electrodes to 
transport electron and hole carriers sepa-
rately. The PHJ device has a simplified 
fabrication with satisfactory performance 
without high-temperature annealing, such 
as is required to fabricate mesoporous 
layers.[4,5] PHJ devices exist of two types—
either a regular (n-i-p) or an inverted (p-i-n) 
configuration.[2,6,7] Various materials have 
been used as the hole-extraction layer 
(HEL) or electron-extraction layer in these 
device configurations.[7–10] The inverted 
PHJ devices are particularly intriguing 
because charge separation would first 
occur at the p-contact HEL/perovskite 
interface that facilitates the transport of 
the hole carriers.[2–8,11] A suitable HEL 
material for an inverted PHJ device should 
have the following characteristics: i) effec-
tive hole mobility, ii) a compatible energy 
level matching the valence-band (VB) level 
of a perovskite, iii) excellent film forma-

tion from a solution-based process, iv) great transparency in the 
visible and near infrared regions, and v) cost-effective produc-
tion of the material itself. Carbon-based nanomaterials such as 
carbon nanotubes,[12] graphene oxide (GO),[13,14] and reduced 
graphene oxide (rGO)[15] have recently been reported as an effi-
cient HEL for an inverted PHJ PSC.

Chemically synthesized GO is a graphene sheet containing, 
on its 2D carbon-skeleton network, functional groups such 
as hydroxyl, epoxide, carboxylic, and carbonyl. The presence 
of these oxygen groups on a 2D network of the GO surface 
enhances its hydrophilic properties; GO is thus well dispersed 
in water or polar solvents, which is regarded as an advantage 
of GO, especially in studies of the composite of GO with other 
nanomaterials.[14–17] Differing from an HEL of polymer type 
such as poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
with acidic and hygroscopic properties that cause poor enduring 
stability of the devices, PSC consisting of GO and its derivatives 
as HEL have shown great device performance and enduring 
stability.[13,15,18] For GO as an effective HEL, the work function 

Perovskite Solar Cells

1. Introduction

Lead-halide perovskite (PSK) solar cells (PSCs) have emerged 
as the most promising photovoltaic devices because of the 
rapid progress in their device performance with a potential to 
scale up to a production level.[1] Based on an ambipolar charge-
transport property and a large diffusion length for electrons 
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(WF = −5.0 eV vs vacuum) is, however, not quite near the VB 
of perovskite (−5.4  eV for MAPbI3).[14] Previous reports[19–21] 
indicate that a deposition of metal or metal-oxide nanoparticles 
(NPs) on graphene can alter its work function because the inter-
action of those NP with graphene might cause p or n-doping on 
the graphene sheets. Functionalization of GO with NP depos-
ited on its surface should, accordingly, be a simple way to alter 
the WF for GO. Modification of GO to match the energy level 
as HEL for PSC is hence one of our goals to improve the power 
conversion efficiency (PCE) of the devices.

Previous reports have stated that the WF of GO can be altered 
on attaching organic molecules, depositing metal or metal-
oxide NPs,[20,22,23] grafting organic molecules,[24,25] and exposing 
to an inorganic salt.[26] Various metal chlorides were used as 
p-dopants to modify the WF of the graphene nanosheets.[19] 
Moreover, metal oxides, such as molybdenum oxide (MoOx) or 
tungsten oxide (WOx), can also functionalize graphene and alter 
its WF.[20,21] In the present work, our purpose is to apply this 
idea to increase the WF of GO as HEL to enhance Voc for a GO-
based inverted planar PSC. We chose both gold (Au) and MoOx 
NP to deposit on the surface of GO because they have either a 
large work function (Au) or a deep valence band (MoOx).

A thin GO film can serve as an efficient HEL for an inverted 
planar PSC.[13,15] Irrespective of the rapid hole-extraction feature 
of GO, the localization of extracted holes on the GO surface acts 
as a source of charge recombination (CR). One approach was to 
reduce those localized oxide sites with a reducing agent to form 
rGO so that the holes extracted by rGO became delocalized to 
retard the charge recombination and to enhance the device per-
formance significantly.[15] A compromise of using rGO as HEL 
for PSC was that the hole-extraction periods might become 
much longer than those using GO. In the present work, we 
show how GO can be functionalized using metal or metal-oxide 
NP to solve the bottleneck problem of retarded charge recom-
bination. We chose NP of both gold and MoOx so that they can 
increase both the WF of GO and the Voc of the device. For the 
GO-AuNP composite, there is an additional plasmonic effect 
to enhance the exciton contribution in the band edge of the 
incident photon-to-current conversion efficiency (IPCE) spec-
trum, but it failed to improve the overall device performance 
because charges trapped inside the AuNP enhanced the charge 
recombination and decreased the charge transport. In contrast, 
for the GO-MoOx composite as HEL for PSC, we observed a 
significant improvement of VOC compared with that of the 
GO device, which we attribute to the effects of reducing the 
potential level of WF and retarding charge recombination due 

to delocalization of the holes via the functionalization of GO 
nanosheets with the MoOx NP. The devices made of this GO-
MoOx composite as HEL attained the best performance, with 
PCE of 16.7%, which is much superior to that of the reference 
cell in the absence of MoOx NP on the surface of GO, for which 
PCE = 14.4%.

2. Results and Discussion

GO was synthesized with the Hummers process[15]; Au or 
MoOx NP on GO was deposited via spin-coating of their salt 
solutions, chloroauric acid for Au, and molybdenum bronze for 
MoOx.[19,27] For the formation of the GO-Au films, the adsorbed 
gold cations on the surface of GO were reduced at 100  °C by 
the GO itself to form Au nanoparticles. The GO modification 
with nanoparticles was confirmed with X-ray photoelectron 
spectra (XPS). The C 1s core-level spectra were deconvoluted 
into five components (Figure 1), which are attributed to func-
tional groups CC, CC, CO, CO, and OCO, respec-
tively. The fractions of carbon functional groups of varied types 
are listed in Table 1. The XPS signals of Au 4f and Mo 3d are 
depicted in Figure S1 (Supporting Information), to confirm that 
the Au and MoOx nanoparticles are present on both GO films. 
The XPS data show that the presence of Au and MoOx NP 
significantly altered the relative intensities of CC and CO 
signals. In rGO, the oxygen-containing functional groups can 
be reduced to CC via a reducing agent to improve the con-
ductivity of GO. Both NPs hence played a role to reduce the 
amount of CO functional group so that the fraction of the 
CC functional group increased significantly. These functional-
ized GO films should thus have some characteristics like those 
of an rGO film, as we reported previously.[15]

Figure 2 shows the image results obtained from measure-
ments using the Kelvin-probe force microscope (KFM), which 
provide evidence of p-doping characteristics of the functional-
ized GO films. The GO film with more p-doping character via 
NP functionalization would show a lower potential because of 
the bias voltage applied to the tip of the KFM. From the distri-
bution plots of the contact potential difference (CPD) shown in 
Figure S2 (Supporting Information), we observed a decreased 
CPD with the trend GO-MoOx  > GO-AuNP > GO, indicating 
that the effect of p-doping should have the same trend for 
the corresponding hybrid films. The measured root-mean-
square roughnesses of bare GO, GO-AuNP, and GO-MoOx 
were 0.15, 0.21, and 0.30 nm, respectively. As one can discern 
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Figure 1.  C 1s XPS spectra of a) GO, b) GO-AuNP, and c) GO-MoOx samples.



www.afm-journal.dewww.advancedsciencenews.com

1803200  (3 of 8) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in Figure 2, the surface of the GO-MoOx sample was rougher 
than those of GO and GO-AuNP films.

According to a previous report,[20] the formation of a surface 
negative dipole due to electron transfer from graphene to the 
deposited MoOx NP increased the work function of graphene 
(Scheme 1). The existence of gap states in MoOx induced by 
oxygen vacancies greatly lowered the barrier for hole injection 
at the MoOx/graphene interface. Charge transport toward a 
metal ion is hence a spontaneous process. Figure S3a–d (Sup-
porting Information) shows ultraviolet photoelectron spectra 
(UPS) of GO, GO-AuNP, GO-MoOx, and MoOx in regions of 
large and small kinetic energy. These results indicate that the 
valence-band maximum in the region of large kinetic energy 
decreases on introducing Au and MoOx. The potential-energy 
level of the GO as prepared versus the vacuum level is −5.01 eV, 
which is shifted slightly downward on adding the AuNP and 
MoOx on the GO film. The potential levels of the GO-AuNP 
and GO-MoOx composites are −5.05 and −5.08 eV, respectively.

Inverted PHJ perovskite solar cells were fabricated based on 
device configuration ITO/GO-xNP/MAPbI3/phenyl-C61-bu-
tyric acid methyl ester (PCBM)/BCP/Ag, shown in Scheme 
1. A perovskite layer was deposited with a typical anti-solvent 
method[28] followed by a solvent-annealing (SA) treatment.[29] 
Chlorobenzene served as an anti-solvent that introduced 
supersaturation to form a uniform perovskite film. Post-SA 
under dimethylformamide (DMF) vapor led to growth of PSK 

nanocrystals with larger grains. Figure S4 (Supporting Infor-
mation) shows top-view scanning electron microscope (SEM) 
images for all PSK films grown on GO-based HEL, for which 
pin-hole-free, close-packed and uniform perovskite films of the 
HEL of all types were produced. The crystal structures of the 
grown perovskite films were investigated with X-ray diffraction 
(XRD) and the data are shown in Figure S5 (Supporting Infor-
mation); no difference was found for the morphology and crys-
tallinity of PSK grown on various GO-based HELs.

The device performances were first optimized for varied 
concentrations of Au and MoOx precursors; the corresponding 
results are shown in Figure S6 and Tables S1 and S2 (Supporting 
Information). Figure 3a shows the photovoltaic performances and 
Figure 3b the corresponding IPCE spectra for the best cells made 
with varied HEL, GO, and NP-doped GO-based devices. The pho-
tovoltaic parameters of the corresponding devices are summa-
rized in Table 2. For the GO device, we obtained PCE of 14.4%, 
which is substantially greater than that reported by Wu et  al., 
PCE = 12.4%.[14] The GO-MoOx device showed a greater photo-
voltaic performance (PCE = 16.7%) that is due to improvement 
of both Voc and Jsc. In contrast, Voc was improved for the GO-
AuNP device, whereas Jsc was decreased and the overall device 
performance attained PCE of 14.6% for the GO-AuNP device. 
The calculated JSC values from the IPCE spectra (Figure 3b)  
are consistent with the JSC values obtained from the J–V 
curves (Figure 3a). MoOx apparently plays an important role in 
enhancing the device performance to attain the level as for the 
rGO-based PSC,[15] but the operational mechanisms for the 
devices of the two types differ, as detailed in the following section.

An improved Voc on introducing metal or metal oxide was 
confirmed on testing 35 devices of each type under the same 
experimental conditions; the corresponding photovoltaic 
parameters are listed in Tables S3–S5 (Supporting Informa-
tion). Figure 4 compares the distributions of Jsc, Voc, fill factor, 
and PCE for these devices with GO-based HEL of various 
types. Mean PCE/% 13.6 ± 0.8, 12.8 ± 1.1, and 15.4 ± 0.8 were 
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Table 1.  Analysis of C 1s binding energies and atomic percentages of 
carbon functional groups in GO, GO-AuNP, and GO-MoOx.

Sample Proportion of carbon 1s group

CC CC CO CO OCO

GO 18.9 15.9 44.2 11.9 9.1

GO-AuNP 36.9 12.7 42.02 1.0 7.2

GO-MoOx 34.4 18.02 39.3 1.9 6.3

Figure 2.  Atomic force microscopy and KFM images of a,d) GO, b,e) GO-AuNP, and c,f) GO-MoOx films.
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obtained for devices with the HEL made of GO, GO-AuNP, and 
GO-MoOx, respectively. Both GO and GO-MoOx devices show 
almost no hysteresis whereas the GO-AuNP device indicates a 
slight effect of hysteresis in the J–V scans shown in Figure S7  
(Supporting Information). The J−V hysteresis behavior observed 
only for the GO-AuNP device might be attributed to the slow 
transient capacitive current, dynamic trapping and detrapping 
processes, and band bending due to ion migrations or ferro-
electric polarization.[30] The charges trapping inside AuNP may 
cause the transport time of the GO-AuNP device become much 
longer than those of GO-MoOx and GO devices. Then extrac-
tion and transporting in HEL for GO-AuNP devices were not 
efficient and might cause unbalance between extraction of holes 
and electrons that leads to the observed effect of hysteresis.[31] As 
will be discussed in the following, we expect that the presence of 
hysteresis in GO-AuNP devices is due to the effect of trapping of 
the charges inside AuNP at the interface of HEL/PSK.

These highly efficient devices are stable, which can be recog-
nized from the endurance test over 1500 h shown in Figure S8 
(Supporting Information). The PCE of these GO-based devices 
maintains more than 80% of their initial efficiencies up to 
1500 h for devices without encapsulation and under ambient 
conditions (25 °C and 30% humidity). The statistical data show 
clearly that Voc was improved for devices made of NP-modified 
GO films as HEL, but the GO-AuNP devices showed smaller 

Jsc values than those of the standard GO devices and the 
GO-MoOx devices. The decreased Jsc of the former device is 
attributed to the trapping of charges in the AuNP that facili-
tates charge recombination between AuNP and perovskite.[32] 
To reveal an exact reason for the improved device performance 
of NP-modified GO-based devices, we recorded steady-state 
spectra of photoluminescence (PL) and performed time-
correlated single-photon counting (TCSPC) measurements for  
samples containing the hybrid GO-NP as the HEL and the 
perovskite layers.

Bilayer samples were prepared with the perovskite layer 
deposited on either an ITO/GO or an ITO/GO-metal (or an 
ITO/GO-metal-oxide) substrate; the reference sample is the 
perovskite deposited on the ITO substrate. Compared with the 
PSK sample on ITO, GO, or GO-AuNP/GO-MoOx quenched 
the PL of PSK significantly (Figure 5a). As shown in the inset of 
Figure 5a, the effect of PL quenching is more pronounced for 
the GO surface treated with AuNP and MoOx than that of pris-
tine GO; the PL intensities of PSK on separate underlayers show 
an order ITO/PSK > ITO/GO/PSK > ITO/GO-AuNP/PSK ∼  
ITO/GO-MoOx/PSK. This result indicates that, to quench the 
PL intensity effectively, the functionalization of the GO sur-
face with AuNP and MoOx has a hole-extraction characteristic 
better than the GO layer alone. The PL intensity is regarded as 
an indirect marker for the lifetimes of the excitons produced in 
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Figure 3.  a) J–V curves and b) IPCE spectra of devices fabricated using GO, GO-AuNP, and GO-MoOx as HEL.

Scheme 1.  a) Potential-energy diagram of GO, GO-AuNP, and MoOx-NP layers (shown in a red box) with other components comprising the device 
structure of an inverted PHJ perovskite solar cell shown in (b).
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these samples, but direct evidence is provided by the PL decay 
measurements of these samples with the TCSPC technique.

The normalized transient PL decays of the corresponding 
samples taken under conditions λex  = 635  nm and λPL  = 
770 nm are shown in Figure 5b, which exhibit a trend of decay 
feature similar to that of the PL quenching feature shown in 
Figure 5a. All PL transients were fitted with a triexponential 
decay function, except that of pristine PSK sample with a biex-
ponential decay function; the fitted time coefficients and the 
corresponding relative amplitudes are summarized in Table S6 
(Supporting Information). The trend of average PL lifetimes  
(τPL) of the samples shows the order ITO/PSK > ITO/GO/PSK >  
ITO/GO-AuNP /PSK ∼ ITO/GO-MoOx/PSK. Assuming that all 
PL quenches are due to the effect of hole extraction, we eval
uated the hole-extraction times (τh) (Table S6, Supporting Infor-
mation) to compare the ability of hole extraction for all three 
samples; the trend of rate coefficients (1/τh) for hole extraction 

shows that doping of GO with MoOx and AuNP increases the 
rate of hole extraction.

Based on our previous work,[15] the rapid extraction of holes 
in the GO/PSK interface is due to the existence of oxygen- 
containing functional groups. As shown in Figure 1 and Table 1,  
the XPS results indicate, however, that doping Au and 
MoOx nanoparticles on GO decreased the amount of oxygen-
containing functional groups, similarly to the characteristic 
of rGO. For the case of rGO, the rate of hole extraction was 
decreased relative to that of GO. The enhanced hole extrac-
tion in the hybrid GO/NP systems is thus due to the p-doping 
effect of both AuNP and MoOx NP. The AuNP on the surface of 
GO facilitates rapid extraction of holes, but the extracted holes 
were also stabilized inside the AuNP; the subsequent transfer 
of holes to ITO hence becomes slowed, shown schematically 
in Scheme 2a. As a result, the localized holes trapped inside 
AuNP could lead to CR; the effect of CR results in a decreased 
Jsc of the device. In contrast, in the case of the GO-MoOx film, 
the hole extraction from PSK to GO-MoOx was rapid because 
of p-doping, but the extracted holes were not localized; they can 
be efficiently transferred to ITO so that CR was significantly 
retarded (Scheme 2b).

The mechanism proposed in Scheme 2 was confirmed 
with the transient photoelectric measurements under six bias 
light intensities using a technique reported elsewhere[15,33]; 
the results appear in Figure 6. For the transient photocurrent 
decays measured under short-circuit conditions (Figure 6a),  
we observed rapid transient decays for all devices independent 
of the bias light intensity (Figure S9a–c, Supporting Informa-
tion). This capacitive behavior is typical of a p-i-n photodiode, 
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Table 2.  Photovoltaic parameters of inverted planar heterojunction 
perovskite solar cells fabricated with varied p-type HEL materials under 
simulated AM-1.5G illumination (power density 100 mW cm−2).

HELa) Jsc[mA cm−2] Voc [V] FF PCE [%]

GO 21.0 0.913 0.751 14.4 (13.6 ± 0.8)

GO-AuNP 20.8 0.961 0.726 14.6 (12.8 ± 1.1)

GO-MoOx 21.8 0.990 0.773 16.7 (15.4 ± 0.8)

a)Hole-extraction layers (HELs) were prepared with varied GO-modified films for 
inverted planar devices with the device structure shown in Scheme 1b.
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Figure 4.  Boxplots of photovoltaic parameters a) Jsc, b) Voc, c) FF, and d) PCE for devices made of GO, GO-AuNP, and GO-MoOx as HEL.
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for which charge accumulation in the HEL/PSK interface 
becomes a bottleneck. The photocurrent transients hence 
gave invariably constant decay coefficients (τc) with the order 
GO-AuNP > GO-MoOx > GO on a time scale ≈200 ns, which 
is equal to the resistance-capacitance (RC) time constants of 
the devices in the HEL/PSK interface that do not directly cor-
relate to the variation of Jsc of the devices. Charge-collection 
times of all devices are hence RC limited; the rate of hole 
propagation from the GO or hybrid GO layer to the ITO sub-
strate should conform to the same trend, GO > GO-MoOx  > 
GO-AuNP. Because of the charges trapped inside the AuNP, 
the transport interval of the GO-AuNP device hence became 
much longer than those of GO-MoOx and GO devices. In con-
trast, for transient photovoltage decays measured under open-
circuit conditions, the charge recombination times were well 
resolved, as the raw data show in Figure S10a–c (Supporting 
Information ) for the GO, GO-AuNP, and GO-MoOx devices, 
respectively. All photovoltage decay profiles were fitted with a 
single-exponential decay function with values of the CR decay 
coefficient (τr) shown in Figure 6b, for which the τr values of 

the GO-AuNP device are smaller than those of the other two 
devices. The question remained is why the Voc showed a trend 
for devices GO-MoOx > GO-AuNP > pristine GO but τr showed 
a trend GO-MoOx > pristine GO > GO-AuNP? The larger Voc 
for the GO-AuNP device than for the pristine GO device was 
puzzling. We speculate that it might be due to the position 
of WF, for which the GO-AuNP film is shifted downward by 
0.04 eV compared to that of GO film (Scheme 1). Our results 
clearly indicate that the CR times are much greater for the GO-
MoOx device than for the GO and the GO-AuNP devices, con-
solidating our mechanism illustrated in Scheme 2.

3. Conclusion

We report the development of GO films functionalized with 
AuNP and MoOx NP as HEL for inverted planar perovskite 
solar cells. GO-AuNP and GO-MoOx films were prepared with 
spin-coating of gold (III) chloride trihydrate (HAuCl4•3H2O) 
and molybdenum bronze solutions on GO/ITO substrates, 
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Figure 5.  a) Photoluminescence (PL) spectra and b) transient PL decay profiles of PSK on ITO and on HEL–GO, GO-AuNP, or GO-MoOx.

Scheme 2.  Schematic representation of the mechanism of hole transport in a) GO-AuNP and b) GO-MoOx devices.
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respectively. The functionalization of GO films with AuNP 
and MoOx increases the work function of GO, which results 
in an enhanced Voc for both AuNP and MoOx devices. More-
over, the hole extraction from PSK to HEL became more rapid 
for the NP-modified hybrid GO films than for the pristine GO 
film because of the effect of p-doping of the former films. The 
extracted holes were trapped inside AuNP (localized holes) 
so that further hole transport into the ITO substrate became 
slower for the AuNP-GO device than for the GO-based and 
the GO-MoOx devices. As a result, the GO-AuNP device 
showed a greater effect of hysteresis and rapid charge recom-
bination that produces a device perfomance (PCE 14.6%) 
comparable with that of the GO-based device (PCE 14.4%). 
In contrast, the GO-MoOx device helps to even the hole dis-
tribution, forming delocalized holes in the 2D GO framework 
to retard charge recombination and enhance both Jsc and Voc 
to produce a device performance attaining PCE 16.7%. We 
conclude that the functionalization of a GO film with MoOx 
NP as HEL has an effective p-doping effect to lower the work 
function of GO and to retard charge recombination in the 
PSK/GO interface for the improved device performance that 
we report herein.

4. Experimental Section
Synthesisof Graphene Oxide: GO was synthesized using the Hummers 

method that was explained previously.[11,13] For the preparation of 
HEL, GO solution (1  mg mL−1 in DMF) was spin-coated on the ITO 
substrates (treated with UV-O3 for 20  min) at 4000  rpm for 40 s, 
followed by annealing at 125 °C for 10  min. To dope a GO film with 
metal nanoparticles, we used reduction in situ from a salt solution. 
HAuCl4 solution (0.5 × 10−3 m) was spin-coated on a GO/ITO substrate 
at 3000  rpm for 30 s; the substrate was then washed with ethanol to 
remove excess metal salt. The washed substrate was annealed at 100 °C 
for 10 min.

GO-MoOx nanoparticles were prepared on spin-coating of 
molybdenum bronze solution (0.1 mg mL−1 in ethanol) on GO/ITO. The 
synthesis of molybdenum bronze is reported elsewhere.[27]

Device Fabrication: After deposition of a GO-based HEL, the substrates 
were transferred to a glove box. Perovskite solution (50%) was prepared 
on mixing the synthesized CH3NH3I powder with PbI2 (Alfa Aesar) at 
molar ratio 1:1 in anhydrous DMF at 70 °C overnight. A PSK solution 

was first spin-coated on the ITO/GO substrate at 5000 rpm (torsion rate 
10 000 rpm s−1). With delay period of 5 s, chlorobenzene was dropped 
onto 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. A PCBM 
solution in chlorobenzene (20  mg mL−1) was spin-coated on the PSK 
layer at 1000  rpm (torsion rate: 1000  rpm s−1) for 30 s as an electron-
transport layer. Ag (100 nm) was deposited with thermal evaporation in 
a vacuum system (pressure 5 × 10−6 Torr).

Characterization of Materials and Devices: A field-emission SEM 
(Hitachi SU8010) and an atomic-force microscope (VT SPM, SII 
Nanotechnology Inc.) were used to investigate the morphology and 
structure of the samples. The surface potential  was measured under 
ambient conditions, employing Pt-coated Si probes (CSC17/Cr-Au) 
with force constant 0.18 N m−1 and a tip radius typically about 35 nm. 
The XRD patterns of the thin films coated on the ITO substrates were 
obtained with an X-ray diffractometer (Bruker AXS, D8 Advance, Cu Kα 
irradiation, λ = 154.18 pm). The current density–voltage characteristics 
of devices were recorded with a digital source meter (Keithley 2400) 
under one-sun illumination (AM 1.5G, 100  mW cm−2) 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 
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 PL spectra were recorded in a range 650–900  nm 
with excitation at 635 nm (LDH-635, PicoQuant). The PL transients were 
recorded with a TCSPC system (Fluotime 200, PicoQuant, excitation at 
635  nm) from a picosecond pulsed-diode laser (LDH-635, PicoQuant, 
full width at half maxima ≈70 ps). The repetition rate of the laser used 
for all experiments was 0.5  MHz; the pulse energy was 1 nJ cm−2; the 
beam size was expanded to 1.5  mm × 3.5  mm. XPS were recorded 
(Thermo K-ALPHA Surface Analysis) for graphene oxide and modified 
graphene oxide. UPS were recorded with samples prepared on a silicon 
wafer and FTO/TiO2 substrates at beamline 24A of Taiwan Light Source 
in National Synchrotron Radiation Research Center (NSRRC). For UPS, 
an excitation source with photon energy 36.4 eV was used; the samples 
were biased at −5.0 V to avoid the low-energy secondary cut-off signals 
of the samples. All experiments were calibrated with the Fermi edge of a 
clean Au surface.
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