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1. Introduction

Organic–inorganic hybrid perovskite materials are rising stars in
the solar energy field because of their excellent optoelectronic
properties, such as low exciton binding energy, long carrier dif-
fusion lengths,[1] and high absorption coefficient.[1,2] The power
conversion efficiency (PCE) of perovskite solar cells (PSCs)

has risen rapidly in recent years, and its
highest certified PCE has exceeded
25%.[3] The typical crystal structure of
perovskite is ABX3, where A is typically
an organic or inorganic cation (methylam-
monium (MAþ, CH3NH3

þ), formamidine
(FAþ, CH(NH2)2

þ), Csþ or Rbþ), B is a
divalent metal cation (typically Pb2þ,
Sn2þ or Ge2þ), X is a halogen anion (I�,
Br� or Cl�).[4] Among them, methylammo-
nium lead triiodide (MAPbI3) is currently
widely used in PSCs.[5] However, the rapid
reaction between lead iodide (PbI2) and
methylammonium iodide (MAI) leads to
irregular grain sizes and defects during
the crystal growth of perovskite.[6] The
defect is regarded as a key factor that pre-
vents the device from performing far from
its theoretical limits. For the defects form-
ing at grain boundaries, it provides charge
accumulation sites and infiltration path-
ways of water vapor.[6,7] Therefore, many
new methodologies have been proposed
to reduce defect density to further increase
the stability of PSCs.

To overcome the low stability of PSCs in
the atmosphere, some researchers introduced heterogeneous
nucleation to increase grain size, to passivate defects in the crys-
tal structure,[8] and to reduce the rate of perovskite crystallization
by adding Lewis-based compounds[7a,9] or templates[10] (e.g., poly
(methyl methacrylate) (PMMA),[11] fullerene,[12] graphene).[13]

However, these heterogeneous additives are commonly insula-
tors or visible light absorbing materials, which may become a
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Organic–inorganic hybrid perovskite solar cell (PSC) demonstrates outstanding
photovoltaic characteristics. However, the instability under high temperature
and high relative humidity remains an obstacle that needs to be overcome.
Furthermore, the rapid growth of perovskite crystals causes a lot of defect
formation in the perovskite active layer, leading to insufficient stability. Two-
dimensional g–C3N4 is a typical lewis base, providing electron pairs for bonding
and is suitable as a template for controlling the nucleation of the perovskite
active layer. Herein, tunable g–C3N4 by calcining the precursors (cyanamide,
dicyandiamide, and urea) at different conditions to control the grain size and to
passivate perovskite crystal is constructed. The Kelvin probe force microscopy
study reveals that the successful defect passivation by urea-polymerized
g–C3N4 (UCN) at grain boundaries could induce the suppression of non-
radiative recombination. Adding the least polymerized UCN into a perovskite
film allows for uniform surface morphology and a reduced trap density. UCN
coordinated with the perovskite provides an efficient path for electron injection
to the electron transport layer. The unencapsulated PSCs with UCN additive
achieve a maximum power conversion efficiency of 20.03% and retain �93%
of their initial efficiency values after aging for 960 h at 25 �C and relative
humidity of 30%.
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charge recombination center, compete for the light absorption
with the perovskite material, and even reduce the charge extrac-
tion rate.[14] Therefore, the additives play an important role in the
regulation of perovskite crystal growth and the passivation of
defects.

There are various allotropes of carbon nitrides, showing dif-
ferent material properties with respect to their structures.[15]

Among them, graphitic carbon nitride (g–C3N4) is considered
the most stable allotrope.[16] The network structure of g–C3N4 is
constructed through the connection of sp2 hybridization of
the nitrogen atom and can be categorized into triazine-
based (C3N3) and tri-s-triazine-based (C6N7) structures.[17]

The latter one has a form similar to guanidine and is the typical
subunit of g–C3N4 due to being energetically favorable than the
former one. In addition, g–C3N4 is a stable two-dimensional
(2D) polymeric semiconductor and exhibits a bandgap of
2.7 eV.[17] The guanidine-like structure, semiconducting prop-
erties, and thermal stability make it a potential material to
incorporate with perovskite. Jiang et al. used g–C3N4 as an addi-
tive in the perovskite layer to improve the morphology and
enhance the crystallinity.[18] Later on, Liao et al. found that a
small amount of g–C3N4 in the perovskite precursor solution
can be served as the heterogeneous nucleation site, leading
to the formation of g–C3N4/perovskite intermediate compos-
ite.[19] Upon the annealing process, the occurrence of
Ostwald ripening would spontaneously extrude the g–C3N4

to the grain boundary of perovskite crystal, increasing the
crystal size and passivating the crystal defects, which can con-
sequently suppress the recombination of carriers. Cruz et al.
showed a thiazole-modified carbon nitride with 1.5 nm
nanosheets in the electron transport layer, which could sup-
press charge recombination and enhance the electronic inter-
face.[20] Chen et al. demonstrated that the SnO2 electron
transport layer modified by graphitic carbon nitride quantum
dots (g–CNQDs) could recast the electronic density distribu-
tion around the neighboring SnO2 crystal unit and eliminate
the oxygen vacancy-reduced trap centers. It promoted electron
transportation and exhibited a high efficiency of PSCs.[21]

Subsequently, Liu et al. demonstrated the synthesis of
g–CNQDs and introduced them to modify the SnO2/perovskite
interface. It can obtain a uniform SnO2 surface and high-
quality perovskite layer with fewer grain boundaries, facilitat-
ing charge transportation and improving the photovoltaic
properties of devices.[22]

In our study, we investigated the precursor of g–C3N4 and its
effect on PSC performance. The level of polymerization of
g–C3N4 would vary according to its precursor. We prepare three
kinds of g–C3N4 by thermal polymerization from cyanamide,
dicyandiamide, and urea. With the addition of g–C3N4, perov-
skite thin film containing large-sized grains can be obtained after
the annealing process. Moreover, heterogeneous g–C3N4 would
precipitate on the grain boundary, resulting in the smooth film
morphology and the reduction of the surface defect. Therefore,
the carrier mobility, PCE, and stability of PSCs can be improved.
Furthermore, the characterization of crystallinity, morphology,
charge transport, and photovoltaic behavior is conducted to bring
an in-depth study of the precursor and polymerization effect on
the efficiency of PSCs.

2. Results and Discussion

g–C3N4 is mainly an n-type semiconductor material, which can
be synthesized using different precursors. The degree of
polymerization of g–C3N4 can be tuned by varying the reaction
conditions, including temperature, pressure, and time.[23]

Figure S1a, Supporting Information, shows the X-ray diffraction
(XRD) patterns of g–C3N4 powders derived from three different
precursors. The two characteristic peaks of g–C3N4 located at
12.9� and 27.8�, corresponding to the (100) and (002) planes.
The (100) plane represents the in-plane arrangement formed
by the crosslinking of C and N atoms, and the (002) plane rep-
resents the characteristic peak of the crystalline stacking of the
conjugated aromatic system.[24] The results show that the crystal-
linity of g–C3N4 is highly dependent on the precursor, especially
in that of (002) crystal plane. For the g–C3N4 derived from urea
(UCN), the weak intensity is due to its low degree of polymeri-
zation and lack of π-conjugated planes compared to that of
g–C3N4 derived from cyanamide, (CCN) and dicyandiamide
(DCN). To understand the optical properties of g–C3N4 prepared
by various precursors, the Kubelka–Munk function was used to
measure the F(R) which represents the optical absorption of
powders as shown in Figure S1b, Supporting Information.
CCN and DCN appear in dark yellow color and exhibit an absorp-
tion edge at 500 nm. Compared to the others, UCN appears pale
yellow in color, and its absorption edge is at about 450 nm, attrib-
uted to the conjugated double bonds in the g–C3N4. The red-shift
of the absorption edge for CCN and DCNmay be attributed to the
degrees of condensation during the pyrolysis and the extension
of the π-conjugation system of g–C3N4.

[25] With increasing the
degree of polymerization, the delocalization of the π electrons
provided by the well-connected 2D conjugated planes of the
g–C3N4 leading to red shift. Due to the intermediate products
of urea pyrolysis, including biuret, cyanuric acid, ammeline,
and ammelide, it is hard to form heptazine-based g–C3N4 homo-
geneously. The formation of defects results in a low degree of
polymerization. From the XRD pattern in Figure S1a,
Supporting Information, UCN has a lower degree of polymeri-
zation and crystallinity compared with DCN and CCN.
Furthermore, XPS N 1s spectra for g–C3N4 derived from differ-
ent precursor demonstrates that can be deconvoluted into four
peaks. The N 1s peaks centering at 398.5, 400.0, 401.1, and
404.1 eV are ascribed to sp2 hybridized nitrogen (C¼N–C)
involved in triazine rings, tertiary nitrogen(N-(C)3), N–H groups,
and positive charge localization in heptazine rings, respectively.
(Figure S3, Supporting Information) We also calculated the inte-
grated area ratio of C¼N/C–N of the XPS peak. The results show
that the ratio of CCN (1.64) is higher than that of DCN (1.44) and
UCN (1.01), indicating that CCN and DCN have a higher degree
of polymerization and thus present a significant red shift.[26]

The chemical bonds of g–C3N4 were analyzed by attenuated
total reflectance–Fourier transform infrared spectroscopy
(ATR–FTIR). (Figure S1c, Supporting Information). These spec-
tra consisted of three characteristic absorption bands. The sharp
peak located at �800 cm�1 represents the breathing mode of the
tri-s-triazine units. The band at �1000–1750 cm�1 is assigned to
the stretching vibration mode of C–N/C¼N in the tri-s-triazine
heterocyclic rings. For the broadband at �3000–3400 cm�1, it is
the stretching mode of the terminal N–H of –NH2 group.[27]
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The transmittance of various g–C3N4 peaks in ATR–FTIR spectra
is inversely related to the level of compressibility, also indicating
the degree of polymerization. Among various g–C3N4, the level of
polymerization of UCN is lower than that of the others and
appears to be fluffier. Therefore, the peak intensities of UCN
are higher than that of CCN and DCN.[27,28]

To further evaluate the specific surface area and porous
structure of g–C3N4 synthesized from various precursors, the
as-synthesized CCN, DCN, and UCN were analyzed by
Brunauer–Emmett–Teller (BET) theory and were summarized
in Table 1. The BET surface areas were found to be 28.91,
10.40, and 79.24m2 g�1 for CCN, DCN, and UCN, respectively.
During the thermal polymerization for CCN and DCN, the tran-
sition from cyanamide or dicyandiamide to g–C3N4 only requires
a short chemical reaction pathway, which only releases a small
amount of NH3. For the polycondensation process of urea-
derived
g–C3N4, urea releases a large amount of NH3, contributing to the
porous structure of UCN. Hence, the pore volume of UCN
(0.37 cm2 g�1) is much larger than that of the CCN (0.09 cm2 g�1)
and DCN (0.04 cm2 g�1).

Figure S2, Supporting Information, shows the microstruc-
tures of CCN, DCN, and UCN. All the g–C3N4 underwent intense
pyrolysis, releasing NH3 during thermal polymerization and
leaving lots of fragments covering the surface in gas–solid reac-
tion. In Figure S2a,c, Supporting Information, CCN and DCN
display a significant aggregation consisting of layer-structured
sheets. In contrast, UCN consists of an irregular lamellar struc-
ture and appears looser than CCN and DCN. Figure S2b,d,f,
Supporting Information, show the transmission electron

microscopy (TEM) images of the CCN, DCN, and UCN. The dark
region indicates the layer-by-layer stack of nanosheets, which
implies that the highly polymerized CCN and DCN are unable
to be well dispersed in the solvent.

The overall effect on the photovoltaic performance by using
g–C3N4 as an additive in perovskite film has been studied thor-
oughly. Figure 1 presents the XRD pattern of perovskite active
layers with various g–C3N4 additives. We denoted the pristine
perovskite film as PVK, and the perovskite active layer with
CCN, DCN, and UCN additives were named as CCN–PVK,
DCN–PVK, and UCN–PVK, respectively. The typical crystal
structure of perovskite (CH3NH3PbI3) belongs to the tetragonal
crystal system, whose diffraction peak is located at 14.3o and
28.6o, corresponding to (110) and (220) planes. We observed that
the diffraction intensity of (110) and (220) planes increased even
with slight g–C3N4 incorporation. It is suggested that the optimal
addition of g–C3N4 improves the perovskite crystallinity
effectively. From Figure 1b,c, we can observe that diffraction
peaks of the (110) and (220) planes are significantly shifted after
introducing g–C3N4 into PVK. The XRD peak shifts to lower 2θ
values, indicating the lattice expansion. The result might be due
to the g–C3N4 and Pb2þ bonding, causing the lattice strain.[29]

In terms of the photovoltaic performance of PSCs, the surface
morphology of the perovskite active layer and the charge trans-
port are highly relevant. Here, we used field-emission scanning
electron microscope (FE–SEM) to probe the surface morphology
of pristine PVK film and PVK film modified by g–C3N4 additives
with various levels of polymerization. In Figure 2a, the PVK film
is composed of several various-sized grains, and some pinholes
also present in the film. Furthermore, the grain size in perovskite
film has an extensive distribution. In Figure 2c, after the addition
of CCN, the grain boundaries in the perovskite film become
imperceptible and smooth, but the film is not very continuous.
Likewise, the addition of DCN results in nonuniform thin film
(Figure 2e). Notably, the incorporation of the UCN additive could
improve the uniformity of the PVK film, showing a compact
film (Figure 2g).

Furthermore, the topography of PVK film and various
g–C3N4–PVK films were investigated by atomic force microscopy

Table 1. BET surface area, pore volume, and pore size analysis of CCN,
DCN, and UCN powders calcined at 500 �C.

Sample name Surface area [m2·g�1] Pore volume [cm2·g�1] Pore size [Å]

CCN 28.91 0.09 115.7

DCN 10.40 0.04 139.4

UCN 79.24 0.37 185.2

Figure 1. a) XRD diffraction patterns of perovskite films and perovskite films with the addition of g–C3N4 derived from various precursors and the
magnified pattern at 2θ ranged from b) 13.0� to 15.5� for (110) plane, and c) 27.0� to 30.0� for (220) plane.
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(AFM). The surface roughness of pristine PVK film is 58.4 nm
(Figure 2b). When the PVK film was incorporated with the vari-
ous g–C3N4 additives, the surface feature became smooth, and

their roughness decreased to 41.8 nm (Figure 2d), 47.5 nm
(Figure 2f ), and 38.5 nm (Figure 2h), corresponding to CCN,
DCN, and UCN, respectively. It is suggested that the g–C3N4

Figure 2. FE–SEM and AFM images of surface morphology of the a,b) PVK film, c,d) CCN–PVK film, e,f ) DCN–PVK film, and g,h) UCN–PVK film.
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additives incorporated into PVK film reveal useful passivation
toward the surface, leading to low surface roughness. We
speculate that g–C3N4 might precipitate at the grain boundary
of perovskite crystal, further passivating the intrinsic defects.

From the results of FE–SEM and AFM, the addition of g–C3N4

with various polymerizations can effectively diminish the surface
roughness. However, the surface morphology of various PVK
films still provides an unexpected difference. Among them,
the UCN–PVK film illustrates the most uniform film. It is indi-
cated that g–C3N4 with high crystallinity and a high degree of
polymerization (e.g., CCN and DCN) cannot be well dispersed
in the perovskite precursor solution, contributing to the merely
partial g–C3N4 bonding interacted with perovskite. The remain-
ing g–C3N4 without interactive bonding may instead hinder the
nucleation and grain growth of perovskite. Thus, when DCN,
which exhibits the highest degree of polymerization, was intro-
duced to PVK film, the DCN–PVK film presents a random
distribution of grain sizes, tending to promote the grain bound-
aries growth in PVK film (Figure 2e). Generally, the nonuniform
PVK film will inhibit the transport of photo-excited carriers and
result in nonradiative recombination of electrons and holes.
Therefore, these drawbacks might limit the photovoltaic
performance of PSC devices.

To unveil the effect of g–C3N4 as an additive on the charge
carrier dynamics and defect passivation, we further analyzed
the PVK and g–C3N4–PVK films coated on glass by
photoluminescence (PL) measurement (Figure 3a). The PL peak
of various PVK films are located at 760 nm consistently, and
their intensity increases with the g–C3N4 addition. The PL
intensity of PVK is related to the quality of the spin-coating
perovskite film. For a well-prepared perovskite film, there are
few or even no defects presenting on the surface. Therefore,
the photo-excited carrier will not be trapped in the defect,
and a strong PL emission can be observed. From the PL spectra,
the UCN–PVK shows the strongest intensity, three times higher
than that of PVK film. The obtained results suggest that
the addition of g–C3N4 can effectively passivate the defect.
Furthermore, the feasible defect passivation by adding a
modifier usually prolongs the charge carrier lifetime. For the
in-depth investigation of the photoinduced charge carrier
dynamics, the corresponding PL decay lifetimes of the passiv-
ated PVK films were recorded by time-resolved photolumines-
cence (TRPL) spectra (Figure 3b) and fitted by a biexponential
decay model described as following

FðtÞ ¼ A1 exp � t
τ1

� �
þ A2 exp � t

τ2

� �
(1)

The time-independent coefficients of the amplitude fraction
were assigned to A1 and A2. Fast decay time, τ1, represents
charge carrier trapping induced by trap states at grain bound-
aries. Slow decay time, τ2, represents free carrier recombination.
The average decay time (τavg ) was calculated as
τavg ¼ a1τ1 þ a2τ2, where a1 ¼ Ai=

P
i Ai. The fitted results are

summarized in Table 2. For the UCN–PVK film, the value of
τ1 increased to 3.29 ns, attributed to the decrease of defect den-
sities in the perovskite film. In addition, the increased τ2 for
UCN–PVK (25.60 ns) represents the prolonged carrier lifetime
for the charge carrier in perovskite. It is indicated that the
UCN with a low degree of polymerization can help reduce the
defects of perovskite film and possesses the maximum τavg value
of 20.34 ns. The surface passivation by using g–C3N4 additives
shows a significant enhancement for the slow decay process,
suggesting that we successfully passivate the surface traps of
perovskite film.

Owing to the superior passivation performance by using the
UCN additive, we further revealed the photovoltaic performance
of UCN–PVK on the PSCs device. The overall structure of PSCs
was FTO glass/compact–TiO2/mesoporous–TiO2/PVK or
g–C3N4–PVK/Spiro–OMeTAD/Ag. The J–V curves of PSCs
based on passivated PVK are shown in Figure 4a, and the
photovoltaic performance of PSCs is listed in Table 3. The addi-
tion of UCN into the PVK film was beneficial to the PCEavg
improvement, increasing significantly from 15.35% to 18.72%
compared to that of the pristine PVK device. The related VOC also
increased from 1.01 to 1.06 V, JSC enhanced from 20.77 to
23.41mA cm�2, and FF increased from 72.87% to 75.25%. In
addition, the distribution of PCE of 36 devices is demonstrated

Figure 3. a) PL spectra and b) TRPL fitting of the PVK film and various g–C3N4–PVK films coated on the glass substrate.

Table 2. The TRPL fitting results using a biexponential decay model from
pristine PVK and various g–C3N4–PVK.

Sample name A1 τ1[ns] A2 τ2 [ns] τavg [ns]

PVK 0.68 0.79 0.22 7.40 2.42

CCN–PVK 0.73 0.96 0.25 8.09 2.76

DCN–PVK 0.52 2.79 0.36 13.88 7.32

UCN–PVK 0.19 3.29 0.62 25.60 20.34
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in Figure 4b. The UCN–PVK exhibited a lower deviation com-
pared to the others, indicating better reproducibility. The PCE

of the champion device of PSCs based on UCN–PVK achieved
20.03% (Figure 4c). Figure 4d provides the external quantum effi-
ciency (EQE) of the UCN–PVK device. Compared to the PVK
device, the EQE spectra were enhanced and exhibited a broad
plateau at �90%. The integrated JSC increased from 20.07 to
21.55mA cm�2, implying that the undesired defects were effec-
tively passivated with the addition of UCN. It presented a similar
variation tendency to that in the J–V curves.

To provide more evidence of the effective passivation by
using UCN additive, we fabricated electron-only devices
consisting of FTO glass/compact–TiO2/mesoporous-TiO2/
PVK or UCN-PVK/PC61BM/Ag to determine the trap densi-
ties. The trap densities were further estimated by the trap

Figure 4. a) J–V curve of the PSCs devices based on PVK film and various g–C3N4–PVK; inset is the appearance of the device, b) the PCE distribution
measured from 36 devices, c) the J–V curve of UCN–PVK champion device, d) EQE spectra of the devices without and with UCN, e) I–V curves of the
device with the following structure: FTO glass/compact-TiO2/mesoporous-TiO2/PVK or UCN–PVK /PC61BM/Ag, and f ) the J–V curves of PSCs under
reverse and forward scans.

Table 3. The photovoltaic performance of PSCs based on PVK film and
various g–C3N4–PVK films.

Sample VOC [V] JSC [mA·cm�2] FF [%] PCEavg [%]

PVK 1.01� 0.02 20.77� 0.93 72.87� 1.90 15.35� 1.04

CCN–PVK 1.04� 0.02 22.26� 1.14 71.33� 3.06 16.61� 1.43

DCN–PVK 1.01� 0.02 22.52� 1.07 71.37� 3.96 16.19� 1.24

UCN–PVK 1.06� 0.02 23.41� 0.42 75.25� 1.19 18.72� 0.73
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space-charge limited current (SCLC) technique. (Figure 4e)
The I–V curves can be classified into three different regions:
ohmic region, the trap-filled limit region, and the Child’s
region. In the ohmic region, the current density is propor-
tional to voltage. The transition point between the ohmic
region and the trap-filled limit region is named trap-filled limit
voltage (VTFL). The relationship between VTFL and trap density
(Nt) is shown as follows

VTFL ¼ eNtd2=2εε0 (2)

where e is the elementary charge (1.603� 10�19 C), d is the
thickness of the active material, ε0 is the vacuum dielectric
constant (8.854� 10�14 F cm�1), and ε is the dielectric con-
stant of CH3NH3PbI3.

[30] With UCN additive, VTFL value
reduced from 0.143 to 0.102 V, and the Nt value in PVK
and UCN–PVK was estimated to be 6.91� 1015 cm�3 and
4.93� 1015 cm�3, respectively. It implies that fewer trapped
states were presented in the passivated PVK films. In the
Child’s region, the charge carrier mobility (μ) can be calculated
using the Mott–Gurney law (3).[31]

J ¼ 9εε0μV2=8d3 (3)

where μ is the charge mobility of the perovskite layer.
The mobility of PVK and UCN–PVK was found to be
2.86� 10�3 and 3.15� 10�3 cm2 V�1·s�1, respectively. It

shows that the enhanced charge mobility of UCN–PVK film
is due to the delicate passivation of defects. The presence of
UCN provides an efficient path for electron injection to the
electron transport layer. We further studied the hysteresis
effect on the photovoltaic performance of PVK devices by
calculating their hysteresis index (HI), which is defined
as follows

HI ¼ JRSð0.8VOCÞ � JFSð0.8VOCÞ
JRSð0.8VOCÞ

(4)

where JRS is the reverse scan current and JFS is the forward
scan current. The hysteresis effect regularly plays an energy
barrier and hinders charge extraction from the dipoles at
the p-n interface. It relates to the voltage swiping direction,
interfacial contact with extraction layers, ionic motion, charge
trapping, etc.[9b,32] Figure 4f shows the reverse and forward
scanning J–V curve of PVK and UCN–PVK, and their photo-
voltaic performances are summarized in Table 4. The PSCs
based on PVK showed a PCE of 16.92% for reverse scans
and 11.13% for forwarding scans. It is noted that the PSCs
based on UCN–PVK showed a low hysteresis index, decreasing
from 0.51 to 0.09. It was established that UCN had the
capability for the passivation of defects and reduction of the
charge trapping phenomena.

The X-ray photoelectron spectroscopy (XPS) analysis was car-
ried out to verify the formation of the PVK films without and with
UCN addition. In the C 1s and N 1s XPS spectra of perovskite
film (Figure 5a,b), the C¼N bonding signal appeared in the core
energy spectra of the UCN–PVK film. The C¼N bonding signal
in C 1s (288.0 eV) and N 1s (398.4 eV) spectrum indicated that
UCN was indeed present in the perovskite film. Also, the core
levels of the Pb 4f peak shifted to low binding energy in the
UCN–PVK film (Figure 5c). It is attributed that UCN coordinated
to the undercoordinated Pb ions in the perovskite.[33]

Table 4. Reverse and forward scanning photovoltaic parameters of the
PSCs without and with UCN passivation.

Sample VOC [V] JSC [mA·cm�2] FF [%] PCE [%] HI

R–PVK 1.05 21.73 73.98 16.92 0.51

F–PVK 1.01 20.90 52.84 11.13

R–UCN–PVK 1.08 23.96 77.12 20.03 0.09

F–UCN–PVK 1.04 23.82 68.58 17.09

Figure 5. XPS spectra of a) C 1s, b) N 1s, c) Pb 4f of PVK film and UCN–PVK film.
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Figure 6. Topographic images and the cross-sectional measurements along the red line of two types of a) glass/PVK and b) glass/UCN–PVK.
The corresponding surface potential images and cross-sectional analysis of CPD data under c,d) dark, e,f ) 470 nm, g,h) 530 nm, and
i,j) 656 nm illumination.
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To verify our hypothesis that g–C3N4 additives precipitated on
the grain boundary and further efficiently passivated the crystal
defects, we performed the photo-assisted Kelvin probe force
microscopy (KPFM) measurements and measured the contact
potential difference (CPD). We fabricated the samples as
glass/PVK or glass/UCN–PVK. When the PVK film absorbs
the photons which possess higher energy than its bandgap,
the electrons and holes are generated. When the electrons are
trapped in the grain boundary, leading to the recombination
of the photoinduced carrier, the surface potential of perovskite
near the boundary region might be more positive than that of
perovskite domain. Therefore, the change in surface potential
can be used to evaluate the passivation efficiency. The work
function of the tip and sample can be calculated using the
following Equation (5)[34]

CPD ¼ ϕtip � ϕsample

�e
(5)

where ϕtip and ϕsample are the work function of the Pt/Ir coated
tip and sample, respectively, and e is the elementary charge
(1.602� 10�19 C). The work function of the Pt/Ir coated tip is
about �5.0 eV by gold reference sample calibration. The topolog-
ical images of PVK without and with UCN passivation are shown
in Figure 6a,b. Figure 6c,e,g,i and 6d,f,h,j demonstrate the poten-
tial maps of PVK without and with UCN passivation, respectively.
Compared to the corresponding topological images (Figure 6a,b),
we observed that the perovskite grain region exhibited a high

CPD value (Figure 6c), but the grain boundary exhibited a darker
contrast in potential mapping. Significantly, with the incorpo-
ration of g–C3N4 additive in perovskite film, a higher value of
CPD was obtained at the grain boundaries (Figure 6d), which
revealed the successful defect passivation by g–C3N4 at grain
boundaries, inducing suppression of nonradiative recombina-
tion and contributing to the enhanced device performance. In
addition, we used the LED light with various wavelengths
(470, 530, and 656 nm) to illuminate the perovskite film. The
CPD of perovskite film without g–C3N4 slightly increased under
the illumination of LEDs with increasing wavelengths (Figure 6c,
e,g,i). Notably, the CPD of perovskite film with UCN showed a
significant increase from �0.45 to 0.50 V (Figure 6d,f,h,j). These
results showed that the perovskite film under illumination effec-
tively generated more free electrons through UCN passivation
defects.

Furthermore, the temperature-dependent PL spectra of PVK
(Figure 7a) and UCN–PVK (Figure 7b) film from 120 to 300 K
were investigated, respectively. At lower temperatures (120 to
160 K), the PL spectra of the two samples showed a red-shift
due to the transition from orthorhombic to tetragonal phase.[35]

When the operating temperature increased from 160 to 300 K,
the PL spectra exhibited a blue shift. It was attributed that the
increase in the vibration energy of the atoms caused the incre-
ment of interatomic distance and bandgap.[36] As the operating
temperature was raised beyond 160 K, the tetragonal phase
became stable. By following the Arrhenius equation, the exciton

Figure 7. The temperature-dependent PL spectra of a) PVK film and b) UCN–PVK film taken from 120 to 300 K. The corresponding temperature-
dependent data of integrated intensity of c) PVK film and d) UCN–PVK film.
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binding energy can be calculated using the following
Equation (6)

IðTÞ ¼ I0

1þ Ae�
EB
kBT

(6)

where IðTÞ and I0 are the integrated PL intensities at tempera-
ture T and 0 K, respectively; A is related to the ratio between the

radiative and nonradiative times; kB is the Boltzmann constant;
and EB is the exciton binding energy. The exciton binding ener-
gies of PVK and UCN–PVK were 37.1 and 35.9meV, respectively
(Figure 7c,d). This means that, in UCN–PVK, after excitation, its
electrons and holes are easier to separate.[37]

Finally, we investigated the long-term stability and
time-dependent thermal stability of PSCs based on PVK and
UCN–PVK by monitoring the evolution of crystal structure

Figure 8. Long-term stability of PSC devices and the XRD patterns of a) PVK films and b) UCN–PVK films over time. Time-dependent thermal stability of
PSC devices under 100 �C heating and the XRD patterns of c) PVK films and d) UCN–PVK films. e) Long-term PCE stability measurements for the PSC
devices, and f ) the steady-state photocurrent measurement of the PVK and UCN–PVK devices under AM1.5 illumination.
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and PCE. For the long-term stability measurement, the device
was stored in ambient air condition (25 �C, 30% RH) without
encapsulation. XRD patterns were acquired at room temperature
as a function of time, as shown in Figure 8a,b. The crystallinity of
PVK film decreased as time passed, and the diffraction peak of
PbI2 appeared at 12.8� after 720 h. In contrast, the XRD pattern
of UCN–PVK film remained almost unchanged over time. The
existence of PbI2 would lead to film degradation during long-
term storage. The time-dependent thermal stability was stabi-
lized at 100 �C under 60% RH. When the PSCs devices were
heated to 100 �C, PVK films started decomposing into PbI2,
and the diffraction intensity of the PbI2 increased over time.
Furthermore, the PbI2 appeared more quickly in the PVK based
PSC films compared to that of the UCN–PVK-based PSCs, imply-
ing that the thermal stability was improved (Figure 8c,d). From
Figure 8e, the PSCs based on UCN–PVK retained 93% of their
initial PCE after storage without encapsulation for 960 h. The
improvement of long-term stability suggests that the addition
of UCN effectively passivated the defects of the perovskite film.
Simultaneously, the stabilized photocurrent density of the
UCN–PVK device was performed at 0.87 V, and a stabilized
PCE of 18.91% was obtained under AM 1.5 G illumination
(Figure 8f ).

3. Conclusion

In summary, we successfully prepared three kinds of g–C3N4,
CCN, DCN, and UCN, by thermal polymerization from cyana-
mide, dicyandiamide, and urea. According to the reaction route
of various precursors, the level of polymerization decreases from
DCN, CCN, to UCN. In this work, we introduced three kinds of
g–C3N4 to the perovskite layer, which acted as a template for
adjusting the nucleation of perovskite. Because CCN and
DCN show high crystallinity and a high degree of polymeriza-
tion, they could not be nicely dispersed in the perovskite precur-
sor solution, which leads to partial formation of bonds between
g–C3N4 and perovskite. The nonbinding part of g–C3N4 slowed
the nucleation and grain growth of perovskite. The KPFM study
revealed that the successful defect passivation by UCN at grain
boundaries could induce suppression of nonradiative recombina-
tion. Adding the least polymerized UCN into PVK allowed for
uniform surface morphology, a reduced trap density, and
increased mobility. UCN coordinated with PVK provided an
efficient path for electron injection to the electron transport layer.
The champion device of UCN–PVK-based PSCs exhibited a PCE
of 20.03%. Moreover, the J–V hysteresis was mitigated, and the
unencapsulated UCN–PVK device retained 93% of its initial PCE
after aging for 960 h at 30% RH and 25 �C.

4. Experimental Section

Synthesis of Various Types of g–C3N4: The 2D g–C3N4 was synthesized by
thermal polymerization, using cyanamide (98þ%, Alfa Aesar), dicyandia-
mide (99.5%, Acros Organics), and urea (99.0%, Fisher Chemical) as the
precursors, respectively. About 10.0 g of the precursor was placed in a cru-
cible and heated to 500 �C for 4 h in ambient air with a heating rate of
2.0 �Cmin�1. After cooling naturally to room temperature, the g–C3N4

powders were obtained. Three kinds of g–C3N4 powders synthesized by

cyanamide, dicyandiamide, and urea were denoted as CCN, DCN, and
UCN, respectively.

Preparation of g–C3N4 Perovskite Precursor Solution: The CH3NH3PbI3
precursor solution was prepared by dissolving 1.7 M MAI (CH3NH3I,
MAI, FrontMaterials) and lead iodide (PbI2, 99.9985%, Alfa Aesar) in a
mixed solvent of γ-butyrolactone (GBL, ≥99.0%, Sigma–Aldrich) and
dimethyl sulfoxide (DMSO, 99.9%, ECHO) (1.0/1.0, v/v). 1.0 � 10�4 wt%
of CCN, DCN, and UCN powders were dispersed in DMSO by an
ultrasonic homogenizer. Then, 30.0 μL of CCN, DCN, and UCN solutions
were added to the perovskite precursor solution (3.0/100.0, v/v). Finally,
the g–C3N4 perovskite precursor solution was obtained after stirring for
12 h in the glovebox.

Fabrication of PSCs: The FTO-coated glass (7Ω, FrontMaterials Co.
Ltd.) was cleaned by detergent, deionized water, acetone, and isopropanol
sequencially. After cleaning, the FTO glass was treated with UV–ozone for
20min. The dense TiO2 layer was deposited on the FTO glass by spray
pyrolysis with 0.05 M titanium diisopropoxide bis(acetylacetonate)
solution at 450 �C. The preparation process of mesoporous TiO2 paste
followed our previous work.[38] The mesoporous TiO2 paste was
screen-printed on a dense TiO2 layer and calcined at 500 �C for 30min.
The g–C3N4 perovskite precursor solution was deposited on as-prepared
substrates (FTO/dense TiO2/mesoporous TiO2) via the spin-coating
process which included two steps, first at 1000 rpm for 10 s and then
5000 rpm for 20 s. About 100 μL of toluene (anti-solvent) was dropped
onto the g–C3N4 perovskite layer during the second step after 17 s to
remove any extra solvent. Then, the substrate was immediately annealed
at 100 �C for 10min on a hot plate. Subsequently, the spiro–OMeTAD
solution was spin-coated onto the g–C3N4 perovskite film at 2500 rpm
for 30 s. The spiro–OMeTAD solution was prepared by dissolving
65mM spiro–OMeTAD in a mixed solution of 1.0 mL of chlorobenzene,
28.5 μL of 4-tert-butylpyridine (tBP), and 17.5 μL of lithium-bis-
(trifluoromethanesulfonyl)imide (Li–TFSI) solution (1.8 M Li–TFSI
dissolved in acetonitrile). Finally, the silver electrode was deposited on
the spiro–OMeTAD layer by thermal evaporation with a 0.09 cm2

shadow mask.
Characterizations: The crystal structures of g–C3N4 powders and g–C3N4

perovskite films were characterized by XRD (Bruker, D2 phaser with Xflash
430, Germany) with Cu Kα (λ¼ 1.54 Å) radiation. The reflectance spectra
of g–C3N4 powders were obtained by UV–VIS spectrophotometer (JASCO,
V-650, Japan). The chemical bonds of g–C3N4 were acquired by the FTIR
spectrometer (Bruker, Tensor 27, Germany). The microstructure and sur-
face morphology of g–C3N4 powders and g–C3N4 perovskite films were
observed by spherical-aberration corrected field-emission transmission
electron microscope (JEOL, JEM–ARM200FTH, Japan) and FE–SEM
(Hitachi, SU8010, Japan). The surface roughness of various g–C3N4 perov-
skite films was investigated by AFM (Dimension-3100 Multimode, Digital
Instruments, Italy). The chemical compositions of g–C3N4–PVK films were
recorded by XPS with Al K-α X-ray source (Thermo Fisher Scientific,
K-alpha X-ray photoelectron spectrometer, USA). The steady-state
photoluminescence (PL) spectra were acquired from g–C3N4 perovskite
films with a 532 nm continuous-wave diode laser. The TRPL spectra were
recorded using time-correlated single-photon counting with a 532 nm
pulse laser. The current–voltage characteristics of devices were measured
by a digital source meter (Keithley, 2400, USA) under AM 1.5 solar
simulator, and the light irradiation (100mW cm�2) was calibrated by
silicon diode (Bunkokeiki, BS-520BK, Japan) with KG5 filter.

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

Acknowledgements
M.-C.W., C.-M.H, and S.-H.C. contributed equally to this work. The authors
appreciate Dr. Ming-Tao Lee (BL-13A1) and Dr. Jyh-Fu Lee (BL-17C1) at

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2021, 2100257 2100257 (11 of 13) © 2021 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.solar-rrl.com


National Synchrotron Radiation Research Centre for useful discussion and
suggestions. Long-Light Machinery Co. Ltd. provides support and valuable
advice for spray coating equipment. The authors also thank Y.-M. Chang at
the Instrumentation Centre of National Tsing Hua University for the TEM
microstructure analysis. The financial support from Ministry of Science
and Technology, Taiwan (Project No. 108-2119-M-002-005, 109-2221-E-
182-059, and 109-3116-F-002-002-CC2), Chang Gung University
(QZRPD181), and Chang Gung Memorial Hospital, Linkou
(CMRPD2H0163 and BMRPC74) are highly appreciated.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
Research data are not shared.

Keywords
defect passivation, g–C3N4, perovskites, solar cells, two-dimensional
materials

Received: April 7, 2021
Revised: May 20, 2021

Published online:

[1] W.-J. Yin, T. Shi, Y. Yan, J.Phys. Chem. C 2015, 119, 5253.
[2] M. Ahmadi, T. Wu, B. Hu, Adv. Mater. 2017, 29.
[3] National Center for Photovoltaics at the National Renewable Energy

Laboratory, https://www.nrel.gov/pv/assets/pdfs/best-research-cell-
efficiencies.20200925.pdf.

[4] A. Chilvery, S. Das, P. Guggilla, C. Brantley, A. Sunda-Meya, Sci.
Technol. Adv. Mater. 2016, 17, 650.

[5] N. Marinova, S. Valero, J. L. Delgado, J. Colloid Interface Sci. 2017, 488,
373.

[6] A. K. Jena, A. Kulkarni, T. Miyasaka, Chem. Rev. 2019, 119, 3036.
[7] a) Z. Wu, S. R. Raga, E. J. Juarez-Perez, X. Yao, Y. Jiang, L. K. Ono,

Z. Ning, H. Tian, Y. Qi, Adv. Mater. 2018, 30; b) C. Li, L. Wang,
P.-J. Yan, H. Liu, J. Cao, C.-C. Chen, Y. Tang, Chem. Eng. J. 2021, 409.

[8] a) Y. Li, H. Wu, W. Qi, X. Zhou, J. Li, J. Cheng, Y. Zhao, Y. Li, X. Zhang,
Nano Energy 2020, 77; b) J. Yang, Q. Cao, Z. He, X. Pu, T. Li, B. Gao,
X. Li, Nano Energy 2021, 82.

[9] a) N. Ahn, D. Y. Son, I. H. Jang, S. M. Kang, M. Choi, N. G. Park,
J. Am. Chem. Soc. 2015, 137, 8696; b) X. Zheng, Y. Deng,
B. Chen, H. Wei, X. Xiao, Y. Fang, Y. Lin, Z. Yu, Y. Liu, Q. Wang,
J. Huang, Adv. Mater. 2018, 30, e1803428; c) D. Luo, R. Su,
W. Zhang, Q. Gong, R. Zhu, Nat. Rev. Mater. 2019, 5, 44;
d) J. W. Lee, H. S. Kim, N. G. Park, Acc. Chem. Res. 2016, 49, 311;
e) K. Jung, W.-S. Chae, Y. C. Park, J. Kim, M.-J. Lee, Chem. Eng. J.
2020, 380.

[10] a) C.-H. Chiang, C.-G. Wu, Nat. Photonics 2016, 10, 196; b) Y. Wu,
X. Yang, W. Chen, Y. Yue, M. Cai, F. Xie, E. Bi, A. Islam, L. Han,
Nat. Energy 2016, 1.

[11] D. Bi, C. Yi, J. Luo, J.-D. Décoppet, F. Zhang, S. M. Zakeeruddin, X. Li,
A. Hagfeldt, M. Grätzel, Nat. Energy 2016, 1, 16142.

[12] a) Y. Shao, Z. Xiao, C. Bi, Y. Yuan, J. Huang, Nat. Commun. 2014, 5,
5784; b) H. B. Chen, X. H. Ding, X. Pan, T. Hayat, A. Alsaedi, Y. Ding,
S. Y. Dai, ACS Appl. Mater. Interfaces 2018, 10, 2603.

[13] a) M. He, Y. Chen, H. Liu, J. Wang, X. Fang, Z. Liang, Chem. Commn.
2015, 51, 9659; b) M. Hadadian, J. P. Correa-Baena, E. K. Goharshadi,
A. Ummadisingu, J. Y. Seo, J. Luo, S. Gholipour, S. M. Zakeeruddin,
M. Saliba, A. Abate, M. Gratzel, A. Hagfeldt, Adv. Mater. 2016,
28, 8681.

[14] H. Zhang, H. Chen, C. C. Stoumpos, J. Ren, Q. Hou, X. Li, J. Li, H. He,
H. Lin, J. Wang, F. Hao, M. G. Kanatzidis, ACS Appl. Mater. Interfaces
2018, 10, 42436.

[15] P. You, G. Tang, F. Yan, Mater. Today Energy 2019, 11, 128.
[16] a) C. Prasad, H. Tang, I. Bahadur, J. Mol. Liq. 2019, 281, 634;

b) Y. Zhang, J. Liu, G. Wu, W. Chen, Nanoscale 2012, 4, 5300.
[17] J. Liu, H. Wang, M. Antonietti, Chem. Soc. Rev. 2016, 45, 2308.
[18] L.-L. Jiang, Z.-K. Wang, M. Li, C.-C. Zhang, Q.-Q. Ye, K.-H. Hu,

D.-Z. Lu, P.-F. Fang, L.-S. Liao, Adv. Funct. Mater. 2018, 28,
1705875.

[19] J.-F. Liao, W.-Q. Wu, J.-X. Zhong, Y. Jiang, L. Wang, D.-B. Kuang,
J. Mater. Chem. A 2019, 7, 9025.

[20] D. Cruz, J. Garcia Cerrillo, B. Kumru, N. Li, J. Dario Perea,
B. V. K. J. Schmidt, I. Lauermann, C. J. Brabec, M. Antonietti,
J Am Chem Soc 2019, 141, 12322.

[21] J. Chen, H. Dong, L. Zhang, J. Li, F. Jia, B. Jiao, J. Xu, X. Hou, J. Liu,
Z. Wu, J. Mater. Chem. A 2020, 8, 2644.

[22] P. Liu, Y. Sun, S. Wang, H. Zhang, Y. Gong, F. Li, Y. Shi, Y. Du, X. Li,
S.-S. Guo, Q. Tai, C. Wang, X.-Z. Zhao, J. Power Sources 2020, 451,
227825.

[23] Y.-P. Sun, W. Ha, J. Chen, H.-Y. Qi, Y.-P. Shi, Trends Analyt. Chem.
2016, 84, 12.

[24] J. Oh, Y. Shim, S. Lee, S. Park, D. Jang, Y. Shin, S. Ohn, J. Kim, S. Park,
J. Solid State Chem. 2018, 258, 559.

[25] a) W. J. Ong, L. L. Tan, Y. H. Ng, S. T. Yong, S. P. Chai, Chem. Rev.
2016, 116, 7159; b) M. Ismael, Y. Wu, D. H. Taffa, P. Bottke, M. Wark,
New J. Chem. 2019, 43, 6909.

[26] a) Y. Zheng, Z. Zhang, C. Li, J. Photochem. Photobiol. 2017, 332, 32;
b) W. Tu, Y. Xu, J. Wang, B. Zhang, T. Zhou, S. Yin, S. Wu, C. Li,
Y. Huang, Y. Zhou, Z. Zou, J. Robertson, M. Kraft, R. Xu, ACS
Sustain. Chem. Eng. 2017, 5, 7260; c) L. Liang, L. Shi, F. Wang,
H. Wang, W. Qi, Sustain. Energy Fuels 2020, 4, 5179.

[27] D. J. Martin, K. Qiu, S. A. Shevlin, A. D. Handoko, X. Chen, Z. Guo,
J. Tang, Angew. Chem. Int. Ed. 2014, 53, 9240.

[28] J. Liu, T. Zhang, Z. Wang, G. Dawson, W. Chen, J. Mater. Chem.
2011, 21, 14398.

[29] a) E. G. Moloney, V. Yeddu, M. I. Saidaminov, ACS Mater. Lett. 2020,
2, 1495; b) G. Kim, H. Min, K. S. Lee, S. M. Yoon, S. I. J. S. Seok,
Science 2020, 370, 108.

[30] a) K. Liao, J. A. Yang, C. Li, T. Li, F. Hao, ACS Appl. Mater. Interfaces
2019, 11, 39882; b) C. Li, A. Wang, L. Xie, X. Deng, K. Liao, J.-A. Yang,
Y. Xiang, F. Hao, J. Mater. Chem. C 2020, 8, 3217.

[31] J.-M. Wang, Z.-K. Wang, M. Li, K.-H. Hu, Y.-G. Yang, Y. Hu, X.-Y. Gao,
L.-S. Liao, ACS Appl. Mater. Interfaces 2017, 9, 13240.

[32] a) X. Zheng, Y. Deng, B. Chen, H. Wei, X. Xiao, Y. Fang, Y. Lin, Z. Yu,
Y. Liu, Q. Wang, J. Huang, Adv. Mater. 2018, 30, 1803428; b) J. Lu,
X. Lin, X. Jiao, T. Gengenbach, A. D. Scully, L. Jiang, B. Tan, J. Sun,
B. Li, N. Pai, U. Bach, A. N. Simonov, Y.-B. Cheng, Energy Environ. Sci.
2018, 11, 1880.

[33] a) J. Liu, T. Zhang, Z. Wang, G. Dawson, W. Chen, J. Mater.
Chem. 2011, 21, 14398; b) X. Wei, X. Liu, H. Liu, S. Yang,
H. Zeng, F. Meng, X. Lei, J. Liu, Sol Energy 2019, 181, 161;
c) K. Jung, W.-S. Chae, J. W. Choi, K. C. Kim, M.-J. Lee, J. Energy
Chem. 2021, 59, 755.

[34] Z. Kang, H. Si, M. Shi, C. Xu, W. Fan, S. Ma, A. Kausar, Q. Liao,
Z. Zhang, Y. Zhang, Sci. China Mater. 2019, 62, 776.

[35] H. Zheng, J. Dai, J. Duan, F. Chen, G. Zhu, F. Wang, C. Xu, J. Mater.
Chem. C 2017, 5, 12057.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2021, 2100257 2100257 (12 of 13) © 2021 Wiley-VCH GmbH

https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20200925.pdf
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20200925.pdf
http://www.advancedsciencenews.com
http://www.solar-rrl.com


[36] S. Zhuang, D. Xu, J. Xu, B. Wu, Y. Zhang, X. Dong, G. Li, B. Zhang,
G. Du, Chin. Phys. B 2017, 26, 017802.

[37] M. Bokdam, T. Sander, A. Stroppa, S. Picozzi, D. D. Sarma,
C. Franchini, G. Kresse, Sci. Rep. 2016, 6, 28618.

[38] a) S.-H. Chen, S.-H. Chan, Y.-T. Lin, M.-C. Wu, Appl. Surf. Sci. 2019,
469, 18; b) M.-C. Wu, S.-H. Chan, K.-M. Lee, S.-H. Chen, M.-H. Jao,
Y.-F. Chen, W.-F. Su, J. Mater. Chem. A 2018, 6, 16920.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2021, 2100257 2100257 (13 of 13) © 2021 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.solar-rrl.com

	High-Performance Stable Perovskite Solar Cell via Defect Passivation With Constructing Tunable Graphitic Carbon Nitride
	1. Introduction
	2. Results and Discussion
	3. Conclusion
	4. Experimental Section


