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(2,2′,7,7′-tetrakis( N , N -bis( p -methoxyphenyl)amino)-9,9′-
spirobifl uorene) and an electron-transporting layer, often TiO 2 . 
Remarkably, by removing the HTM [ 7 ]  or by coating perovskite 
onto an electronically inert alumina mesoporous scaffold, [ 8 ]  the 
perovskite layer was found to function not only as a sensitizer 
but also as an ambipolar charge transporter. [ 9 ]  

 Morphology, grain size, and thickness are all key factors that 
contribute to high performance. [ 10–12 ]  Thick perovskite layers 
with large grains are more desirable in order to reach the max-
imum light-harvesting following the trend of making a single 
crystal perovskite layer more similar to silicon PVs. [ 10 ]  Several 
works have recently been published, highlighting the impor-
tance of controlling the perovskite crystal morphology towards 
larger grains in order to achieve high-effi ciency PSCs. [ 11,13–15 ]  In 
our recent work, we showed that large crystals are necessary to 
achieve state of the art photovoltaic metrics and stabilized power 
output. [ 16 ]  In addition, Bi et al. [ 17 ]  reported that the poor perovs-
kite fi lm quality with small grain sizes is due to the quick reac-
tion between lead halide and the cations during crystallization of 
perovskite from the blended precursor solution. Therefore, con-
trolling the nucleation and crystallization process of the perovs-
kite layer is an important route towards improving perovskite 
fi lm morphology. On the other hand, due to the perovskite crys-
talline nature, the perovskite interfaces also infl uence the device 
performance. This has encouraged the study of passivation of 
surface charge trap states of the perovskite and corresponding 
grain boundaries by using different passivating agents such as 
thiophene and pyridine Lewis bases, [ 18 ]  the organic molecule 
iodopentafl uorobenzene, [ 18 ]  fullerene, [ 19 ]  and even PbI 2 . [ 20 ]  

 One way to improve the optoelectronic properties of per-
ovskite materials is introducing graphene derivatives to the 
perovskite structure. For example, He et al. [ 21 ]  developed an in 
situ solution method for chemical decoration of CH 3 NH 3 PbI 3  
perovskites with reduced graphene oxides (RGO) to signifi -
cantly improve the photodetector performance. Owing to its 
exceptional electrical, optical, and physical properties as well 
as its low-cost solution-phase production techniques, graphene 
has risen as a promising candidate for optoelectronic applica-
tions. [ 22,23 ]  Recently, RGO has been used in the mesoporous 
TiO 2  [ 24 ]  or as a HTM in planar PSC. [ 25 ]  Furthermore, the func-
tionalization of graphene through the introduction of func-
tional groups and chemical doping with N, B, or, S atoms opens 
wide opportunities to manipulate graphene properties. In par-
ticular, nitrogen is considered to be the most frequently used 
element for regulating the electronic and chemical properties 
of graphene. [ 26,27 ]  

  Thin-fi lm photovoltaics (PVs) are some of the most cost-effec-
tive approaches to convert sunlight directly into electric power. 
Over the past few years, perovskite solar cells (PSCs) of general 
formula ABX 3  (where A is an organic/inorganic cation, B is a 
metal cation, and X is a halide anion), have emerged at the fore-
front of thin-fi lm PVs due to their high power conversion effi -
ciency and low-cost fabrication. [ 1,2 ]  Since the pioneering work 
of Miyasaka and co-workers in 2009, [ 3 ]  PSCs have witnessed 
impressive advances with the solar-to-electrical power conver-
sion effi ciency (PCE) improving from 3.8% to a certifi ed value 
of 22.1% on laboratory-scale cells in 2016. [ 4 ]  Such a high value 
in PCE can be attributed to the unique properties of the mate-
rial, including tunable optical band gap, long charge diffusion 
length, low exciton binding energy, and low charge recombi-
nation rate. [ 5,6 ]  The dominant architecture of the PSC consists 
of a perovskite light-absorbing layer sandwiched between a 
hole-transporting material (HTM) such as Spiro-OMeTAD 
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reduced graphene oxide (N-RGO) into mixed organic–inorganic 
halide perovskite. By introducing N-RGO to the perovskite 
layer, we observe a dual effect on the photovoltaic performance 
of PSCs. First, the presence of N-RGO in the perovskite fi lm 
increases the perovskite grain size due to the slowing down 
the crystallization process, which translates to higher current 
and fi ll factor (FF). We also found that doped and undoped gra-
phene sheets passivate the surface and retard the electron–hole 
recombination resulting in an improvement in the open-circuit 
voltage ( V  OC ), regardless of crystal size modifi cation by N-RGO. 
The resulting device exhibits an almost hysteresis-free PCE of 
18.7% as compared to the reference cell with 17.3%. 

 We fabricated N-RGO via an effective one-step hydrothermal 
reaction to simultaneous N-doping and reduction of graphene 
oxide using urea. Figure S1a in the Supporting Information 
shows the schematic illustration of the structure and prepa-
ration of N-RGO starting from graphene oxide. The prepared 
N-RGO was composed of few-layer transparent graphene 
sheets with homogeneous distribution of C, N, and O on the 
surface of the graphene sheets (see Figure S1b–g in the Sup-
porting Information). 

 Three common bonding confi gurations within the carbon 
lattice are possible when nitrogen atoms are doped into the 
graphene skeleton, including pyrrolic N, pyridinic N, and qua-
ternary N (Figure S1a, Supporting Information). [ 28 ]  Pyrrolic N 
refers to N atoms bond into the fi ve-membered ring that con-
tribute two p electrons to the π system. Pyridinic-N refers to 
nitrogen atoms at the edge of graphene planes, each of which is 
bonded to two carbon atoms and donates one p-electron to the 
aromatic π system. Quaternary N refers to N atoms that substi-
tute for C atoms in the hexagonal ring. [ 29 ]  For our sample, the 
deconvolution of the high resolution N 1s X-ray photoelectron 
spectrum (XPS, Figure S2b, Supporting Information) shows 

that the N1s peak can be resolved into three components cen-
tered at 398.1, 399.9, and 402.1 eV representing pyridinic, pyr-
rolic, and quaternary type of N atoms doped in the graphene 
structure, respectively. [ 30 ]  Accordingly, the pyrrolic N dominates 
in the N-RGO prepared in this work. 

 We incorporated N-RGO into the perovskite fi lm by dis-
persing N-RGO in the Pb-based perovskite precursor solution 
composed of mixed cations (formamidinium (FA) and meth-
ylammonium (MA)) and halides (I, Br), which was then spin-
coated on the thin mesoporous TiO 2  layer. The solution had 
an excess of the lead compounds as recently reported by some 
of us. [ 14,31,32 ]  From the XRD patterns of the perovskite fi lms, 
Figure S3 in the Supporting Information, it is evident that the 
materials fabricated from perovskite solutions in the absence 
and presence of N-RGO have a cubic perovskite phase with an 
almost unchanged crystal structure. [ 33 ]   Figure    1  a,b show the 
SEM surface morphology images of perovskite fi lms without 
and with N-RGO nanosheets. The perovskite/N-RGO exhibits 
almost full surface coverage with larger grains in comparison 
with the reference perovskite. The average grain size (Figure 
S4, Supporting Information) was estimated to be ≈196 nm 
for the pristine perovskite and ≈490 nm for the perovskite/N-
RGO. In addition, some grains were measured to be larger 
than 800 nm for the perovskite/N-RGO samples. As shown in 
Figure S4 in the Supporting Information, the grain size of the 
perovskite was almost unchanged by using RGO in the perovs-
kite precursor solution. We hypothesize that the introduction 
of N-RGO supresses nucleation, leading to a decrease in the 
rate of growth compared to the control, similar to reports by 
others. [ 34 ]  This phenomenon is obvious from Figure  1 c where 
the crystallization behaviour of the N-RGO fi lms is twice as 
slow as the control. In turn, this enables the growth of only a 
few crystals, resulting in a fi lm with limited number of large 
crystals.  
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 Figure 1.    SEM top-view images of a) pristine perovskite and b) perovskite/N-RGO hybrid fi lms. c) Photographs of perovskite fi lms during crystalliza-
tion at 100 °C. d)  1 H NMR of perovskite solution, and perovskite + N-RGO collected in DMF-d 7  (stars represent the peaks of DMF-d 7  used as solvent). 
e) Magnifi cation of the scale between 8.3 and 9.8 ppm.
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 In order to gain insight into the mechanism of the increasing 
grain size of the perovskite in the presence of N-RGO, we col-
lected liquid-state  1 H NMR spectra of the perovskite solution 
precursor in the absence and presence of N-RGO in deuterated 
 N , N  dimethylformamide-d 7  (DMF-d 7 ) (Figure  1 d). The peaks 
attributed to the solvent are marked in the fi gure. The broad 
peak at  δ  = 8.91 ppm belonging to the four hydrogen atoms 
attached to nitrogen atoms of the FA cation showed a downfi eld 
shift by adding N-RGO nanosheets to the solution. Figure  1 e 
shows a magnifi cation of the scale between 8.3 and 9.8 ppm. 
The observed downshift is due to the interaction between the 
hydrogen atoms of the FA and basic sites on N-RGO. As previ-
ously reported, [ 35 ]  protonation occurs at the most basic centers. 
Although some oxygen functional groups remain on N-RGO 
after hydrothermal treatment, they are acidic in nature. [ 36,37 ]  
However, the nitrogen groups on graphene can be basic 
depending on their positions in the graphene structure. Li 
et al. [ 38 ]  evaluated and compared the basicity of the quaternary, 
pyridine, and pyrrole nitrogen groups on the graphene in terms 
of both Brønsted base and Lewis base by employing DFT calcu-
lations. The results of their work showed that the proton affi nity 
of pyrrole and pyridine nitrogen groups, which is often invoked 
to characterize the Brønsted basicity, are signifi cantly higher 
than pristine graphene. Additionally, in terms of Lewis basicity, 
the pyrrolic nitrogen group shows the strongest Lewis basicity. 
The XPS spectrum of N-RGO (Figure S2b, Supporting Infor-
mation) shows that pyrrolic N is the main type among different 
nitrogen species in N-RGO prepared in this work. Therefore, 
 1 H NMR, accompanied by XPS results, confi rms that N-RGO 
makes a different environment around FA hydrogen atoms 
slowing down the crystallization which leads to an increase in 
the perovskite grain size. 

 Larger grain size of perovskite/N-RGO enhances the light-
harvesting capacity of the perovskite fi lms and reduces the 
grain boundaries. [ 21 ]  As the UV–vis absorption spectra of the 
perovskite fi lms with and without N-RGO (Figure S5, Sup-
porting Information) show, presence of N-RGO in the perovs-
kite precursor solution and its effect on the morphology of the 
perovskite fi lm enhances the light absorption intensity which 
in turn enhances the light-harvesting capacity of the device. 

 We prepared mixed-PSCs by adding N-RGO to the precursor 
solution in order to understand its photovoltaic properties 
( Figure    2  a). The perovskite fi lms were formed in the absence 
and presence of N-RGO in the precursor solutions (see the 
Experimental Section). The devices were made of a stack of 

fl uorine-doped tin oxide (FTO)/compact TiO 2 /mesoporous-
TiO 2 /mixed perovskite/Spiro-OMeTAD/gold as presented in 
Figure  2 b. Figure  2 c,d shows the cross-sectional SEM images of 
the devices based on perovskite and perovskite/N-RGO hybrid 
capping layers. As seen in the fi gure, the perovskite capping 
layer is thicker by using the perovskite/N-RGO hybrid relative 
to the control device based on the perovskite alone. It shows 
that slowing down the crystallization of the perovskite in the 
presence of N-RGO induces an increase in the perovskite size 
in all dimensions, as we recently showed in our work that the 
larger grains resulted in thicker fi lms. [ 16 ]   

  Figure    3  a displays the current density–voltage ( J – V ) curves 
of the reference and perovskite/N-RGO PSCs. We observed 
an increase in short circuit photocurrent density ( J  SC ) 
(20.77–21.80 mA cm −2 ),  V  OC  (1.12–1.15 V), and slightly in 
FF (0.73–0.74) by using N-RGO in the perovskite precursor 
solution, which translated into an increase in the overall PCE 
from 17.3% to 18.7%. It is important to note that the solar cells 
were measured at 10 mV s −1  scan rate and there is no large dis-
crepancy between the reverse and forward device parameters 
(Figure S6, Supporting Information), indicating the reliability 
of the  J – V  curve measurements. [ 39 ]  The detailed statistics of 
the photovoltaic parameters of perovskite/N-RGO and control 
devices are shown in Figure S7 in the Supporting Informa-
tion. The detailed statistics clearly show that all the photovoltaic 
parameters improved when the perovskite fi lms were grown 
in the presence of N-RGO. We ascribe the improvement in FF 
to the larger grains. The larger grains reduce the total grain 
boundaries to facilitate the transport and collecting of the 
charges through encountering less boundaries resulting in 
improved FF, which is in agreement with other studies. [ 10,11,16 ]   

 The largest improvement was seen for  J  SC  which is in agree-
ment with the incident photon to current conversion effi ciency 
shown in Figure S8 in the Supporting Information. We attribute 
the improvement in  J  SC  to the enhanced light-harvesting 
properties arising from the thicker perovskite fi lm and from 
the reduction of small grains (Figure  1 a,b) sitting atop the 
larger grains in the perovskite fi lm. [ 16 ]  Better light-harvesting 
features of the perovskite/N-RGO are also confi rmed by the 
enhanced absorption with respect to the pristine perovskite 
fi lm (Figure S5, Supporting Information). 

 To shed light on the origin of the enhancement in FF,  J  SC , 
and  V  OC  with respect to the pristine PSC, we performed an 
additional control experiment by constructing perovskite/RGO 
hybrid based solar cells. By using RGO, we can exclude the 
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 Figure 2.    a) Pristine perovskite solution (left) and the perovskite/N-RGO hybrid solution (right). b) Schematic of full PSC. Cross-sectional SEM images 
of c) reference and d) perovskite/N-RGO hybrid solar cells.
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effect of enlarging grains while the graphene sheets are present 
in the active layer. Figure  3 b shows the average values of  V  OC  
of controls, perovskite/RGO, and perovskite/N-RGO in eight 
different batches. As it can be seen, the devices made by both 
perovskite/RGO and perovskite/N-RGO hybrids show a drastic 
enhancement in  V  OC . Figure S9 in the Supporting Information 
shows all the average device performance parameters in eight 
different batches. Perovskite/RGO based solar cells showed 
negligible change in the  J  SC  and FF. Other clear observation in 
Figure S9 in the Supporting Information is the improvement 
in the  J  SC  of the perovskite/N-RGO devices in comparison with 
those of the control and the perovskite/RGO devices. We can 
therefore infer that FF and  J  SC  are enhanced by the increased 
grain size and thicker perovskite fi lm by using N-RGO in the 
perovskite solution. The enhanced performance of the devices 
with perovskite/RGO hybrid fi lms is mainly attributed to the 
improved  V  OC . Therefore, we ascribe the enhancement of  V  OC  
of perovskite/N-RGO solar cells to the presence of graphene 
sheets in the active layer rather than to the larger grain size. As 
seen in Figure S9 in the Supporting Information, the average 
PCE of devices increases in the sequence of pure perovskite, 
perovskite/RGO, and perovskite/N-RGO. 

 To further ensure that the improvement in  V  OC  is due to gra-
phene sheets in the perovskite layer rather than the increase 
in perovskite grain size or thickness, we deposited N-RGO on 
top of the perovskite fi lms after their crystallization to avoid 
the effect of N-RGO on crystallization (Figure S10a, Sup-
porting Information). Although graphene sheets deposited on 
the perovskite fi lm cannot entirely behave in the same way as 
when they are in the active layer, this experiment can provide 
insight into the role of graphene sheets in increasing the  V  OC . 
Figure  3 c shows the  V  OC  of the PSCs with and without N-RGO 
on top of the perovskite layer. It can clearly be seen that the V  OC  
is increased by N-RGO in all six batches without exception. 
Other photovoltaic parameters of the samples in six different 
batches are shown in Figure S10b in the Supporting Informa-
tion. Unsurprisingly, the  J  SC  and FF remained unchanged, 
which further confi rms our hypothesis that the graphene mate-
rials induce an increase in  V  OC . The improvement in  V  OC  was 

seen when we used N-RGO both in the perovskite layer and on 
top. This is consistent with surface passivation of the perovskite 
by graphene sheets improving the hole selectivity and retarding 
the electron–hole recombination. 

 In order evaluate the dynamics of charge carrier recom-
bination of the perovskite fi lm in the presence of graphene 
nanosheets, we utilized time-correlated single-photon counting 
measurements of control, perovskite/RGO, and perovskite/N-
RGO. Figure  3 d shows the photoluminescence (PL) decays for 
perovskite fi lms and the fi ts are shown in Figure S11 in the 
Supporting Information. An alumina shell (3 nm by atomic 
layer deposition) was used to avoid rapid quenching from 
the perovskite to the TiO 2  particles, while simulating a device 
confi guration. The observed decays were well-fi tted using a bi-
exponential function. The obtained lifetimes and amplitudes 
are listed in Table S1 in the Supporting Information. The PL 
decays are almost three times slower and over four times lower 
for perovskite fi lms containing RGO and N-RGO, respectively, 
when compared to the control. This exemplifi es the improved 
optoelectronic properties due to the superior quality of the 
perovskite/RGO and perovskite/N-RGO fi lms. The longer life-
times can be explained by the reduced non-radiative recombi-
nation due to the passivation of surface trap states by the gra-
phene nanosheets. From these results, a higher  V  OC  for the 
devices prepared with perovskite/RGO and perovskite/N-RGO, 
is expected and indeed confi rms our earlier conclusions on pas-
sivation at the perovskite/HTM interface. 

 In summary, we investigated the effect of the combination 
of two emerging materials, heteroatom-doped graphene and 
organic–inorganic lead halide perovskite in the active layer of 
the solar cells. By introducing N-RGO to the perovskite layer 
through dispersing it in the precursor solution, all the photovol-
taic parameters were improved, which resulted in an improve-
ment of the PCE from 17.3% to 18.7%. The improved FF and 
 J  SC  are attributed mainly to the larger grains and thicker per-
ovskite layer, which reduces the grain boundaries and improves 
light-harvesting properties. The  1 H NMR spectra showed that 
the basic nitrogen groups on N-RGO interact with FA cations 
in the blended perovskite solution resulting in enlarged grain 
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 Figure 3.    a) Current density–voltage characteristics for pristine perovskite (control) and perovskite/N-RGO hybrid solar cell (N-RGO). b) Average  V  OC  
for the pristine perovskite (control), perovskite/RGO hybrid (RGO), and perovskite/N-RGO hybrid (N-RGO) solar cells. c)  V  OC  of control, and devices 
with N-RGO layer on top of perovskite in six batches (Solid lines are a guide to the eye). The solar cells were measured at a scan rate of 10 mV s −1  and 
AM 1.5 G illumination with light intensity of 99 mW cm −2 . d) Time-resolved PL decay plots of pristine perovskite, perovskite/RGO, and perovskite/N-
RGO fi lms. The measurements were performed from the perovskite fi lm side.
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size. On the other hand, the increase in  V  OC  is ascribed to sur-
face-passivation of the perovskite by graphene sheets resulting 
in improved hole selectivity and reduced recombination at the 
perovskite/spiro interface. To the best of our knowledge, this 
is the fi rst time that N-RGO has been used in PSCs to tune 
both morphological features and recombination dynamics. The 
introduction of this heteroatom-doped graphene as surface-
passivation and perovskite grain growth agent in the perovskite 
layer offers a new and effective tool towards the improvement 
of the PSCs.  

  Experimental Section 
  Synthesis of N-RGO and RGO Samples : The fabrication of graphite 

oxide as a raw material for fabrication of RGO and N-RGO was done 
via modifi ed Hummers’ method [ 37 ]  (Supporting Information). The 
N-RGO sample was synthesized through a one-pot well-studied doping 
hydrothermal process with GtO as starting material and urea as the 
chemical doping agent. Typically, 160 mg graphite oxide was dispersed 
in 80 mL deionized water using sonication for 1 h. The colloidal 
graphene oxide suspension was centrifuged at 1000 rpm for 5 min in 
order to remove any unexfoliated graphite oxide (GtO). Subsequently, 
8 g urea was added to the suspension under sonication for 30 min. The 
mixture was sealed in a 100 mL autoclave and maintained at 180 °C for 
12 h. Then, the autoclave was naturally cooled to room temperature. The 
N-RGO hydrogel was taken out with tweezers and dipped into deionized 
water to remove residual urea. It was washed with deionized water 
several times until the pH of the supernatant reached 7. The product 
was dried at 80 °C in a vacuum oven overnight. For comparison, RGO 
was also prepared under the same experimental parameters but without 
adding the urea into the graphene oxide aqueous dispersion. 

  Solar Cell Preparation : Electron selective layer preparation. The solar 
cells were fabricated on FTO substrates (10 Ω sq −1 ). The substrates 
were washed sequentially with detergent (2% Hellmanex in water), 
isopropanol, and acetone in an ultrasonic bath, and fi nally cleaned under 
UV-ozone treatment for 15 min. A TiO 2  blocking layer was deposited 
onto the substrates using spray pyrolysis of titanium diisopropoxide 
bis(acetylacetonate) precursor solution diluted in ethanol. The spraying 
was done at 450 °C followed by sintering process of the layers at 450 °C 
for 15 min before cooling down to room temperature. Subsequently, a 
mesoporous TiO 2  layer was deposited on blocking-TiO 2 /FTO substrates 
via spin coating of 30 nm particle paste (Dyesol 30 NR-D) diluted in 
ethanol (150 mg mL −1 ) at 4000 rpm for 20 s. The layers were then dried 
at 100 °C for 10 min and sintered at 450 °C for 30 min under dry air fl ow. 

  Perovskite Precursor Solution and Film Preparation : The precursor 
solution was prepared by dissolving an FAI (1  M ), MABr (0.2  M ), PbI 2  
(1.1  M ), and PbBr 2  (0.22  M ) in anhydrous dimethylformamide:dimethyl 
sulfoxide (DMF:DMSO) 4:1 (v/v) to make FA 0.85 MA 0.15 Pb(I 0.85 Br 0.15 ) 3  
perovskite solution. The solution had excess of the lead compounds as 
recently shown by Bi et al. [ 14 ]  In order to make graphene incorporated 
perovskite precursor solution, 0.01 mg mL −1  of RGO and N-RGO were 
dispersed in the solvent (anhydrous DMF:DMSO 4:1 (v/v)) by 1 h 
sonication prior to making the perovskite solution. All other steps in 
device preparation were completely similar. The perovskite layers were 
deposited in a nitrogen-fi lled glovebox by spin coating the as-prepared 
perovskite precursor solution. The spin coating program included two 
consecutive steps, fi rst at 1000 rpm for 10 s and then at 6000 rpm 
for 30 s. During the second step, chlorobenzene was poured onto the 
spinning substrate 15 s before the end of the spin-coating program. The 
substrates were then annealed at 100 °C for 1 h on a hot plate in the 
nitrogen-fi lled glovebox to form crystalline perovskite. 

  Hole-Transporting Layer Preparation and Gold Evaporation : The 
HTM was subsequently deposited on the top of the perovskite layer 
by spin coating from the spiro-OMeTAD solution at 4000 rpm for 
20 s. The spiro-OMeTAD solution, at a concentration of 70 × 10 −3   M  in 

chlorobenzene, was doped at a molar ratio of 0.5, 0.03, and 3.3 with 
bis(trifl uoromethylsulfonyl)-imide lithium salt (Li-TFSI), tris(2-(1H-
pyrazol-1-yl)-4-tert-butylpyridine (TBP))–cobalt(III) tris(bis(trifl uoro-
methylsulfonyl)imide) (FK209), and TBP, respectively. Finally, 80 nm 
gold counter electrode was deposited by thermal evaporation under high 
vacuum.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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