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ABSTRACT: Interface engineering in perovskite solar cells (PSCs) plays
a key role in achieving high-power conversion efficiency (PCE, η) by
suppressing electron−hole recombination and facilitating carrier injection.
Here we adopt a hydrophobic molecule, 1-donecyl mercaptan (NDM), to
modify the interface between MAPbI3 and a hole transport layer (HTL).
As a result, an improved PCE of PSCs from 12.75% (pristine MAPbI3) to
15.04% (modified MAPbI3 with NDM) is achieved, along with long-term
antimoisture characteristics. First-principles simulations unravel an
enhanced driving force for hole injection from MAPbI3 to the HTL
upon NDM adsorption, providing atomic-scale insights into the improved
PCE. The combined experiment and simulation efforts offer a simple but
effective molecular approach to fabricate PSCs with a higher PCE and
better moisture tolerance.

■ INTRODUCTION

Organic/inorganic trihalide lead-based perovskite materials
have been widely employed in solar cells as light absorption
and charge transport layers, given their remarkable potential in
optoelectronic applications.1 MAPbI3 perovskite possesses
superiorities over other photovoltaic materials, such as easy
manufacturing by solution processing,1,2 strong photon
absorption, and long carrier diffusion length (up to micro-
meters3−5). Many efforts have been devoted to engineer
perovskite layers to improve the photovoltaic properties of
perovskite solar cells (PSCs).6−10 As a result, the efficiency of
perovskite-based solar cells has quickly reached 23.7% in a few
years.11 Although PSCs have made rapid advancement, some
challenges still exist for large-scale industrial applications,
including the toxicity of Pb and low tolerance against
moisture/light/heat.
Among those disadvantages, the instability in the humid

environment is a critical issue for its practical large-scale
application. MAPbI3 can be easily decomposed upon exposure
to moisture in the atmosphere.12−15 The methylammonium

cation (CH3NH3
+) can diffuse out from the lattice and react

with water when exposed to air.12,13 Generally speaking, there
are four routes to improve the antimoisture stability of
perovskite films, such as material engineering on the active
layer,1,16,17 optimizing the interface between the active layer
and hole transport layer (HTL),18−21 utilizing inorganic
HTL22−25 materials, and ameliorating morphologies and
properties of the surface of the overall device.26,27 Mohite et
al.8 applied Ruddlesden−Popper phase-layered perovskite films
instead of traditional perovskites to improve the intrinsic
stability of the active layer. Graẗzel et al.16 modified the surface
of methylammonium lead triiodide (MAPbI3) perovskite by
spin-coating its precursor solution in the presence of
butylphosphonic acid 4-ammonium chloride to improve the
performance and stability. Yang et al.25 replaced the organic
HTL by a metal oxide transport layer such as NiOx, owing to
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its higher carrier mobility and superior stability. Sunkara et
al.10 added graphene−polyaniline into the hole-conducting
polymer to minimize the influence of moisture. Using novel
materials7,8 such as Ruddlesden−Popper phase-layered two-
dimensional perovskite films might be optimal to improve the
stability. Employing metal oxide or other water-repellent
materials to the replace spiro-OMeTAD HTL22−25 is another
efficient way to protect the MAPbI3 against humidity.
However, the methods mentioned above always lead to an
unfavorable drop in energy conversion efficiency. Enhancing
the moisture tolerance of MAPbI3 without sacrificing the
power conversion efficiency (PCE) at the same time is the
focus of the present work.
Here we demonstrate an effective way to improve the

moisture tolerance of perovskite films via optimal molecular
engineering of the interface between the perovskite and HTL.
To achieve this goal, only the molecules that meet the
following requirements can be chosen: (i) the molecules must
have anchor groups that can bind to the surface of MAPbI3;
(ii) the molecules should hardly impact the performance of
solar cells, as well as the interfacial charge transfer; and (iii) the
molecules must be harmless in the formation of the MAPbI3
layer. After systematic screening, an optimal molecule, 1-
donecyl mercaptan (NDM), can satisfy all of the demands
mentioned above. In the first place, NDM can adsorb on the
surface of the MAPbI3 layer by the thiol anchor group of NDM
and Pb2+ of MAPbI3. In addition, in our experiment, there is
no indication that NDM molecules have negative influences on
the photovoltaic properties of PSCs. Furthermore, the alkyl
chain of the molecules can prevent water molecules from
interacting with the MAPbI3 layer, thus enhancing the device
tolerance against moisture. It should be noted that the
adsorption of NDM molecules on the surface of MAPbI3
might block the interfacial charge transfer in PSCs due to poor
conductivity of the alkyl chain. On the contrary, we found that
utilizing molecules with a long alkyl chain of 11 C−C bonds to
modify the MAPbI3 surface can tune the valence band of
MAPbI3, resulting in remarkable improvement in both the
efficiency and short-circuit current.

■ METHODS
Perovskite Film Deposition. The perovskite film was

fabricated in ambient air by using a two-step method.28 First,
the annealed TiO2 nanoparticle film was coated with PbI2/
PbCl2 by spin-coating 0.5 M PbI2 (99.999%, Aldrich) and 0.15
M PbCl2 (98%, Aldrich) in N′,N-dimethylformamide (99.7%)

at 4500 rpm for 60 s and dried at 100 °C for 15 min. After
depositing PbI2/PbCl2 twice, the perovskite film was made by
spin-coating 10 mg/mL CH3NH3I (Dyenamo) in 2-propanol
at 1200 rpm for 6 s and 4500 rpm for 60 s and dried at 100 °C
for 10 min.

Perovskite Solar Cell Fabrication. FTO glasses were
cleaned by sequential sonication in deionized water, acetone,
and ethyl alcohol. After being treated by UV-ozone for 15 min,
the compact TiO2 layer was deposited immediately by spin-
coating 0.15 M titanium tetraisopropanolate in ethyl alcohol at
3000 rpm for 60 s. Then the film was annealed at 500 °C for 2
h. As soon as the film cooled down to room temperature, it was
coated with mesoporous TiO2 (P25) films. After being
annealed at 500 °C for 30 min, the perovskite film was
formed. The film was dipped in 5 mM NDM chlorobenzene
solution for 2 h to adsorb NDM molecules on the surface of
MAPbI3. A HTL, consisting of 99.1 mg of spiro-MeOTAD
(Lumtec), 0.0395 mL of 4-tert-butylpyridine (TBP, 96%,
Aldrich), and 11 mg of bis(trifluoromethane) sulfonamide
lithium salt (LiTFSI, 99.95%, Aldrich) in 1.4 mL of a mixed
solvent of chlorobenzene (99.7%) and acetonitrile (99.7%)
(chlorobenzene:acetonitrile, 20:1, v:v), was coated on the
perovskite/TiO2 films by using spin-coating at 4000 rpm for 30
s. Finally, the 80 nm thick Au electrode was deposited on top
of the HTL by thermal evaporation at 6.0 × 10−4 Pa vacuum.
The device active area was 0.1 cm2.

Theoretical Modeling and Computational Parame-
ters. First-principles density functional theory calculations
were carried out to study the geometry and electronic structure
of the perovskite/NDM interface. The static electronic
structure was performed with the VASP code by using a
plane wave basis, the PBE density functional, and the projector
augmented wave (PAW) potentials. An energy cutoff of 500
eV and Γ point k-sampling were used. For geometry
optimization of bulk perovskite, a 3 × 3 × 1 Monkhorst−
Pack grid was chosen for sampling the Brillouin zone. The
calculated lattice constants were a = b = 6.3115 Å and c =
6.3161 Å for bulk MAPbI3. Our calculated energy gap of bulk
MAPbI3 was 1.67 eV, in good agreement with the experimental
value of 1.57 eV,29 due to the cancellation of errors in the
exchange−correlation functional and the neglect of spin−
orbital coupling (SOC). This cancellation also resulted in a
small difference between the results of PBE and GW+SOC or
HSE+SOC, verified by many other works on MAPbI3.

29−31

Therefore, in consideration of the huge computational cost, we

Figure 1. (a) Schematic structure of a PSC, modified by NDM molecules on the interface of MAPbI3 and a HTL. Schematic structure for the
surface of pristine MAPbI3 (b) and MAPbI3 anchored with NDM* (c).
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used terse PBE to calculate the geometry and electronic
properties of the NDM/CH3NH3PbI3 system.
The Γ centered 3 × 3 × 1 Monkhorst−Pack grid was chosen

for sampling the Brillouin zone in calculating the ground-state
properties of the MAPbI3 slab (Figure 1) and NDM/MAPbI3
interface (Figure 1b,c). For the MAPbI3 slab, the four atomic
layers of the halide perovskite was used, and a periodic 1 × 1
supercell was adopted in the parallel X−Y plane. The thickness
of the vacuum slab was 10 Å. For the NDM/MAPbI3
heterojunction, we chose NDM molecules bonded at a 4
atomic layer MAPbI3(001) surface terminated with a Pb−I
layer (Figure 1c). The atomic geometry was optimized until
the forces on nonfixed atoms were below 0.03 eV/ Å. The
thickness of the vacuum layer was ∼10 Å to ensure negligible
interactions between neighboring slabs.

■ RESULTS AND DISCUSSION
Influence of NDM Modification on Moisture Stability

and Photovoltaic Performance. To investigate the effect of
interface engineering on the performance of PSCs, the
photocurrent density−voltage (J−V) curves (Figure 2a) and
the time evolution of the energy conversion efficiency (Figure
2b) of PSCs were measured under 1.5 AM illumination.
Surprisingly, both the efficiency and stability of PSCs were
enhanced by introduction of NDM molecules. First, the
modified PSCs (blue line) showed a significant increase in
device performance (Figure 2a). The key parameters of the
best devices, including the short-circuit current (Jsc), open-
circuit voltage (Voc), fill factor (FF), along with the PCE (η)
are listed in Table 1. The PCEs of the best modified PSCs

reached up to 15.04%, which is 18% higher than that of the
best control PSCs (12.75%). The Jsc, Voc, and FF of the
modified device were all higher than those of the device
adopting pristine perovskite. Among them, the short-circuit
current was enhanced most significantly, rising from 16.68
mA/cm2 (controlled PSCs) to 19.06 mA/cm2 (modified
PSCs). We can infer that the addition of NDM molecules is
beneficial to the charge transport at the interface or the
morphology of perovskite films.

More importantly, the modified PSCs showed a higher
humidity tolerance by real-time monitoring of PCE over a 100
day period. To avoid the influence of varying temperature and
light illumination, we shielded them from sun irradiation and
tested every 4−5 days at room temperature (Figure 2b). The
PCE of the modified PSCs showed rapid growth from 12.21 to
14.12% during the first 10 days, while the PCE of the
controlled PSCs decayed from 11.77 to 10.12%. Then, the
PCEs of both devices increased gradually and were maintained
at ∼15.0% for the modified PSCs and ∼12.5% for the
controlled PSCs. Stored in ambient air for over 100 days, the
PCE of the modified PSCs increased by 14%, while other PSCs
utilizing pristine MAPbI3 showed minimal increases. There-
fore, modifying the MAPbI3 surface with hydrophobic NDM
molecules can dramatically improve the moisture tolerance of
PSCs. On the basis of the structure of NDM molecules, the
adsorption geometry on the MAPbI3 surface was carried out as
demonstrated in Figure 1c, showing a hydrophobic alkyl chain-
packaged perovskite film. The existence of an alkyl chain can
keep water molecules away from the surface of MAPbI3, thus
improving the stability. Data for reverse scans were not
presented in the present work. The readers are directed to
previous discussions on the reasons for the hysteresis effect
including the influence of interface oxygen vacancies for further
studies on that topic.32−34

We summarized all of the parameters of PSCs as displayed in
Figure 3a. The average efficiency of the modified PSCs was
12.24 ± 1.51%, which is 12% times higher than that of the
control (10.96 ± 1.36%). As presented in Figure 3b, the
efficiency of ∼20% modified cells exceeded 14%, while the
efficiencies of all of the controlled cells were lower than 14%.
The comparisons for all device parameters are presented in
Figure S1, from which we verified the hypothesis that the
enhanced Jsc is introduced by adding NDM on the MAPbI3/
HTL interface. Therefore, we confirmed the positive impact of
NDM molecules on the photovoltaic performance of PSCs.

Influence of NDM Modification on Perovskite
Crystallization. To understand the increased efficiency and
stability by NDM interface engineering, the XRD patterns for
both samples with and without NDM were measured as shown
in Figure 4. Both samples were stored in ambient air and
shielded from sun irradiation for 34 days. Pristine MAPbI3
showed a negligible peak at 14.8° (red line in Figure 4a), which
is assigned to the MAPbI3(110) diffraction. Meanwhile, the
modified MAPbI3 showed a more distinct peak at 14.8° (red
line in Figure 4b), indicating better crystallization of MAPbI3
with the help of NDM molecules. After storage in ambient air

Figure 2. (a) Current−voltage curves of the best PSCs using pristine MAPbI3 (orange curve) and NDM-anchored MAPbI3 (blue curve). (b) Time
evolution of the efficiency for the two different devices. The devices were stored in air at room temperature over 100 days out of the sun.

Table 1. Parameters of Best PSCs with and without NDM
Molecules

samples η Jsc Voc FF

pristine MAPbI3 12.75 16.68 1.05 72.51
MAPbI3 + NDM 15.04 19.06 1.07 73.15

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b09722
J. Phys. Chem. C XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b09722/suppl_file/jp8b09722_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b09722


for 8 days (orange lines in Figure 4a,b), the diffraction peaks at
14.8° of both samples became sharper, demonstrating
improved crystal quality of the perovskite layer, possibly due
to chemical reactions for 8 days. This increased crystallization
of the MAPbI3 layer can dramatically improve light absorption
of the active layer and accelerate carrier diffusion in MAPbI3,
thus enhancing the photovoltaic performance of the corre-
sponding PSCs. The PbI2 peaks of both films appeared after
storage in ambient air for 34 days (blue lines in Figure 4a,b).
However, the PbI2 peak of the pristine MAPbI3 film was more
pronounced than that of the modified film, illustrating that
NDM molecules can, to a certain extent, stabilize MAPbI3 by
protecting MAPbI3 from degradation in moisture. To exclude
the influence of chlorobenzene, samples of the MAPbI3 film
dipped in a pure chlorobenzene solution were measured, as
presented in Figure S2. By comparing the PbI2/MAPbI3 ratios
after storage in air for 34 days in Figure S3, the decomposition
rate follows the order (from high to low) chlorobenzene +
MAPbI3 > pristine MAPbI3 > NDM + MAPbI3. Therefore, we
conclude that the addition of chlorobenzene accelerates the
decomposition of MAPbI3. Consequently, modifying MAPbI3
with NDM molecules not only enhances the antimoisture
property of the MAPbI3 perovskite but also leads to better
crystallization of the MAPbI3 layer.
The color change of the XRD samples deposited on

mesoporous TiO2 also confirms the protecting role of NDM
molecules presented in Figure 4c. The initial colors of both
MAPbI3 films were dark brown with no obvious difference
between their appearances. After exposure to air for 34 days,

the color of pristine MAPbI3 partly faded from dark brown to
yellow (PbI2), whereas the modified MAPbI3 film showed no
obvious change in its color. The appearance of circles is due to
the boundary of the MAI solution when it was dropped on the
surface of PbI2. We think that the circles are caused by the
reaction on the interface of PbI2, MAI, and air. With the
decomposition of MAPbI3, the difference in color fades away
gradually.
On the basis of these experiments, we conclude that

inserting NDM molecules at the MAPbI3/HTL interface
improves the crystallization of MAPbI3 and results in an
increase in light harvesting efficiency, thus accelerating carrier
diffusion in perovskite films and optimizing the photovoltaic
performance of PSCs. Furthermore, it protects the perovskite
from degradation in the atmosphere thanks to the hydrophobic
properties of the alkyl chain, which improves the long-term
stability of PSCs against moisture. The intensities of the
perovskite diffraction peaks at 14.8° for both samples stored in
air for 8 days were basically the same according to Figure 4a,b.
The enhanced crystallization of the perovskite alone cannot
fully explain the extensive difference in efficiency. The
modified interface suggests that interface engineering on
band level alignment caused by NDM molecules plays a
significant role, which is discussed below.

Influence of NDM Modification on the Interfacial
Electronic Structure. In terms of interface engineering,
NDM molecules could enhance the photovoltaic performance
of PSCs via the following plausible ways: First, NDM may
change the valence band of MAPbI3 via interfacial interactions

Figure 3. (a) Average efficiency of devices using pristine MAPbI3 (orange) and NDM-anchored MAPbI3 (blue). Error bars represent the mean
square error. (b) Cumulative statistical distribution of efficiency among all devices.

Figure 4. Time-dependent evolution of XRD spectra of pristine MAPbI3 (a) and NDM-anchored MAPbI3 (b) under air condition stored for 0 (red
curve), 8 (orange curve), and 34 days (blue curve). (c) Pictures of NDM-anchored MAPbI3 (right) and pristine MAPbI3 (left) deposited on FTO
stored in air for 0 (upper) and 34 days (lower).
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with perovskite, thus accelerating hole injection. Second, NDM
may suppress electron−hole recombination at the MAPbI3/
HTL interface, leading to an increased Jsc. To investigate the
influence of NDM modification on the interfacial electronic
structure of PSCs, we investigated the electronic structures of
pristine MAPbI3 and NDM*/MAPbI3 by using first-principles
calculations (Figure 1b,c). Simplified NDM molecules with a
shorter carbon chain length (NDM*) were adopted.
We calculated the alignment of electronic levels of pristine

MAPbI3 and NDM*/MAPbI3 systems. Figure 5b,c shows the
projected density of states (PDOS) of both systems, where the
energy was measured against the vacuum energy level. The
DOS was projected on Pb, I, and MA species. It shows that the
valence band maximum (VBM) of the perovskite is composed
mainly of I atoms, and the conduction band minimum (CBM)
of the perovskite is composed mainly of Pb atoms. MA
molecules contribute little to the band edge states. The
calculated VBM and CBM energies were −2.36 and −0.70 eV
for pristine MAPbI3 and −2.57 and −0.77 eV for NDM*-
modified MAPbI3, respectively. The energy gap of MAPbI3
increased from 1.66 eV (pristine MAPbI3) to 1.80 eV (MAPbI3
+ NDM*), resulting from the effect of surface passivation with
NDM* molecules. After introduction of NDM* molecules, the
VBM of MAPbI3 (dashed orange line in Figure 5a) shifts
downward to a level lower than that of the pristine MAPbI3
(solid orange line in Figure 5a), which is the result of
adsorption of the −SH moiety. When the −SH group interacts
with Pb2+, the spatial distribution of the electron density near
the Fermi level is more delocalized due to the competition in
binding Pb2+ between −SH and I−. Because the VBM of
MAPbI3 is dominated by I−, the introduction of −SH could
weaken the electronegativity of I−, thus lowering the VBM of
the perovskite.
Considering that NDM molecules were inserted between the

MAPbI3 slab and the HTL in PSCs, photogenerated holes
might inject from the valence band of MAPbI3 to the HOMO
of the HTL. The lowered VBM will accelerate hole injection at
the MAPbI3/HTL interface following the Shockley equation
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The higher energy difference will induce larger photocurrent at
the interface by accelerating the injection of carriers.
Consequently, modification with NDM at the MAPbI3/HTL
interface could effectively improve the photocurrent of PSCs

by accelerating the hole injection process, which offsets the
negative impact of the enlarged spacing between MAPbI3 and
the HTL by adsorption of NDM molecules. In addition, the
enlarged spacing may suppress the electron−hole recombina-
tion process at the interface.

■ CONCLUSIONS
We demonstrate that significant improvement in both the
stability and PCE of PSCs can be achieved by inserting NDM
molecules on the interface of the MAPbI3 slab and HTL.
NDM molecules binding to Pb2+ of MAPbI3 favor better
crystallization of the MAPbI3 layer, enhancing the efficiency of
light harvesting and antimoisture stability. More importantly,
the introduction of NDM can lower the VBM of MAPbI3 to
facilitate the injection of holes due to the enlarged driving
force. These results provide a novel perspective for building
high-performance PSCs with good air stability through
molecular interface engineering, thus accelerating the rapid
development of future large-scale practical applications.
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