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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 diffusion 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 (methylammonium (MAþ, CH3NH3þ), formamidine
(FAþ, CH(NH2)2þ), 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, methylammonium 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 prevents the device from performing far from
its theoretical limits. For the defects forming at grain boundaries, it provides charge
accumulation sites and inﬁltration pathways 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 crystal 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 insulators 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. Twodimensional 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 nonradiative 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%.

1. Introduction
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charge recombination center, compete for the light absorption
with the perovskite material, and even reduce the charge extraction 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 different 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 triazinebased (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 properties, and thermal stability make it a potential material to
incorporate with perovskite. Jiang et al. used g–C3N4 as an additive 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 composite.[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 consequently 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 suppress charge recombination and enhance the electronic interface.[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 distribution 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 highquality perovskite layer with fewer grain boundaries, facilitating 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, perovskite 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.

Sol. RRL 2021, 2100257

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 represents the characteristic peak of the crystalline stacking of the
conjugated aromatic system.[24] The results show that the crystallinity 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 polymerization 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 absorption edge at 500 nm. Compared to the others, UCN appears pale
yellow in color, and its absorption edge is at about 450 nm, attributed to the conjugated double bonds in the g–C3N4. The red-shift
of the absorption edge for CCN and DCN may 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 homogeneously. 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 polymerization and crystallinity compared with DCN and CCN.
Furthermore, XPS N 1s spectra for g–C3N4 derived from different 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 integrated 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 spectra consisted of three characteristic absorption bands. The sharp
peak located at 800 cm1 represents the breathing mode of the
tri-s-triazine units. The band at 1000–1750 cm1 is assigned to
the stretching vibration mode of C–N/C¼N in the tri-s-triazine
heterocyclic rings. For the broadband at 3000–3400 cm1, 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 79.24 m2 g1 for CCN, DCN, and UCN, respectively.
During the thermal polymerization for CCN and DCN, the transition 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 ureaderived
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 g1) is much larger than that of the CCN (0.09 cm2 g1)
and DCN (0.04 cm2 g1).
Figure S2, Supporting Information, shows the microstructures 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 reaction. 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 structure and appears looser than CCN and DCN. Figure S2b,d,f,
Supporting Information, show the transmission electron
Table 1. BET surface area, pore volume, and pore size analysis of CCN,
DCN, and UCN powders calcined at 500  C.
Surface area [m2·g1]

Pore volume [cm2·g1]

CCN

28.91

0.09

115.7

DCN

10.40

0.04

139.4

UCN

79.24

0.37

185.2

Sample name

Pore size [Å]

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 thoroughly. 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 transport 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

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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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.

(AFM). The surface roughness of pristine PVK ﬁlm is 58.4 nm
(Figure 2b). When the PVK ﬁlm was incorporated with the various g–C3N4 additives, the surface feature became smooth, and

Sol. RRL 2021, 2100257

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
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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 indicated 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 remaining 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 introduced to PVK ﬁlm, the DCN–PVK ﬁlm presents a random
distribution of grain sizes, tending to promote the grain boundaries 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 passivated PVK ﬁlms were recorded by time-resolved photoluminescence (TRPL) spectra (Figure 3b) and ﬁtted by a biexponential
decay model described as following





t
t
FðtÞ ¼ A1 exp 
þ A2 exp 
τ1
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 boundaries. Slow decay time, τ2 , represents free carrier recombination.
The average decay time (τavg ) was calculated as
P
τavg ¼ a1 τ1 þ a2 τ2 , where a1 ¼ Ai = 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 densities 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 addition 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
23.41 mA cm2, and FF increased from 72.87% to 75.25%. In
addition, the distribution of PCE of 36 devices is demonstrated
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

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

JSC [mA·cm2]

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

Sample

in Figure 4b. The UCN–PVK exhibited a lower deviation compared to the others, indicating better reproducibility. The PCE

Sol. RRL 2021, 2100257

of the champion device of PSCs based on UCN–PVK achieved
20.03% (Figure 4c). Figure 4d provides the external quantum efﬁciency (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
21.55 mA cm2, implying that the undesired defects were effectively 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 densities. The trap densities were further estimated by the trap
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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 proportional to voltage. The transition point between the ohmic
region and the trap-ﬁlled limit region is named trap-ﬁlled limit
voltage (V TFL ). The relationship between V TFL and trap density
(N t ) is shown as follows

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

VTFL ¼ eNt d2 =2εε0

HI ¼

(2)
19

where e is the elementary charge (1.603  10
C), d is the
thickness of the active material, ε0 is the vacuum dielectric
constant (8.854  1014 F cm1), and ε is the dielectric constant of CH3NH3PbI3.[30] With UCN additive, V TFL value
reduced from 0.143 to 0.102 V, and the N t value in PVK
and UCN–PVK was estimated to be 6.91  1015 cm3 and
4.93  1015 cm3, 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 9εε0 μV2 =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  103 and 3.15  103 cm2 V1·s1, respectively. It
Table 4. Reverse and forward scanning photovoltaic parameters of the
PSCs without and with UCN passivation.
Sample

VOC [V]

R–PVK

1.05

F–PVK

1.01

JSC [mA·cm2]

FF [%]

PCE [%]

HI

21.73

73.98

16.92

0.51

20.90

52.84

11.13

R–UCN–PVK

1.08

23.96

77.12

20.03

F–UCN–PVK

1.04

23.82

68.58

17.09

0.09

JRS ð0.8VOC Þ  JFS ð0.8VOC Þ
JRS ð0.8VOC Þ

(4)

where J RS is the reverse scan current and J FS 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 photovoltaic 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 carried 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]

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  1019 C). The work function of the Pt/Ir coated tip is
about 5.0 eV by gold reference sample calibration. The topological 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 potential 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 incorporation 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 recombination 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 effectively 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 increment 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 temperaturedependent 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
1 þ Ae

E

k BT

(6)

B

where IðTÞ and I 0 are the integrated PL intensities at temperature T and 0 K, respectively; A is related to the ratio between the

radiative and nonradiative times; kB is the Boltzmann constant;
and E B is the exciton binding energy. The exciton binding energies of PVK and UCN–PVK were 37.1 and 35.9 meV, 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 longterm storage. The time-dependent thermal stability was stabilized 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, implying 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 cyanamide, 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 polymerization, they could not be nicely dispersed in the perovskite precursor 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 recombination. 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.

Supporting Information

4. Experimental Section
Synthesis of Various Types of g–C3N4: The 2D g–C3N4 was synthesized by
thermal polymerization, using cyanamide (98þ%, Alfa Aesar), dicyandiamide (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 crucible and heated to 500  C for 4 h in ambient air with a heating rate of
2.0  C min1. After cooling naturally to room temperature, the g–C3N4
powders were obtained. Three kinds of g–C3N4 powders synthesized by
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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  104 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 (7 Ω, FrontMaterials Co.
Ltd.) was cleaned by detergent, deionized water, acetone, and isopropanol
sequencially. After cleaning, the FTO glass was treated with UV–ozone for
20 min. 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 30 min.
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 10 min 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
65 mM 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 (λ ¼ 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 surface 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 perovskite 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 (100 mW cm2) was calibrated by
silicon diode (Bunkokeiki, BS-520BK, Japan) with KG5 ﬁlter.

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