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Abstract: The ability to passivate defects and modulate the
interface energy-level alignment (IEA) is key to boost the
performance of perovskite solar cells (PSCs). Herein, we
report a robust route that simultaneously allows defect
passivation and reduced energy difference between perovskite
and hole transport layer (HTL) via the judicious placement of
polar chlorine-terminated silane molecules at the interface.
Density functional theory (DFT) points to effective passivation
of the halide vacancies on perovskite surface by the silane
chlorine atoms. An integrated experimental and DFT study
demonstrates that the dipole layer formed by the silane
molecules decreases the perovskite work function, imparting
an Ohmic character to the perovskite/HTL contact. The
corresponding PSCs manifest a nearly 20% increase in power
conversion efficiency over pristine devices and a markedly
enhanced device stability. As such, the use of polar molecules
to passivate defects and tailor the IEA in PSCs presents
a promising platform to advance the performance of PSCs.

Introduction

The past two decades have witnessed remarkable advan-
ces in perovskite solar cells (PSCs) with their power
conversion efficiency (PCE) leaping from 3.8% to a recently
certified 25.5%.[1] The ability to decrease the density of
defects (e.g., deep defects—Pb-I antisites and Pb clusters,[2]

and shallow defects—halide vacancies and interstitials)[3] and
grain boundaries (GBs) represents an effective route to
improving carrier transport and collection and increasing the
PSC efficiency. As defects function as photoluminescence

quenching sites and lead to charge trap states, they worsen the
non-radiative losses in the devices and limit performance.[4]

Moreover, the presence of GBs increases ion migration due to
higher ion diffusivity across GBs.[5] In this context, various
routes to passivating defects and GBs have emerged.[2a,3, 6] For
instance, the incorporation of halide atoms at the perovskite/
electron transport layer (ETL) interface can lower the density
of interfacial trap states due to the passivation of Pb-I antisite
defects and halide vacancies (VX ; where X=Br and I).[2a]

Moreover, quaternary ammonium halides (e.g., choline
chloride and choline iodide) are found to reduce the charge
trap density induced by cationic (Pb clusters) and anionic
defect sites (PbI3

@ antisite defects) at the perovskite/ETL
interface.[2b] Clearly, the introduction of additional halide ions
during the growth process of perovskite crystals is effective in
passivating defects.[2]

In addition to defect passivation, modulating the interface
energy-level alignment (IEA) represents another key factor
that influences charge extraction and transport in PSCs.[7]

Delicate control over the IEA between perovskite and ETL,
as well as between perovskite and hole transport layer (HTL),
affords efficient charge carrier transfer at the perovskite/ETL
and perovskite/HTL interfaces and minimizes the open-
circuit voltage (VOC) loss in the device.[6a] Taken together, the
ability to produce perovskite films with a much-reduced
density of trap states and energetically favorable IEA is an
essential prerequisite for high-efficiency PSCs.

Herein, we report a simple yet robust strategy to
effectively and concurrently passivate defects and optimize
IEA at the perovskite/HTL interface by judiciously position-
ing strongly polar chlorosilane molecules at the perovskite/
HTL interface. A representative metal halide perovskite with
mixed monovalent cations, Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3, is
chosen as the absorber.[4] Halide-terminated polar silanes,
chloropropyltrimethoxysilane (CPS, Cl-(CH2)3-Si-(OCH3)3)
and chloromethyltrimethoxysilane (CMS, Cl-CH2-Si-
(OCH3)3) (Figure S1), are selected as the passivation mole-
cules and deposited on the surface of the perovskite film. The
corresponding films are systematically characterized by
scanning electron microscopy (SEM), UV-vis absorption,
steady-state photoluminescence (PL), time-resolved photo-
luminescence (TRPL), ultraviolet photoelectron spectrosco-
py (UPS), atomic force microscopy (AFM), X-ray diffraction
(XRD), and contact angle camera. Density functional theory
(DFT) calculations are performed to assess the role the CPS
passivation layer plays on modulating the surface work
function and interface energy-level alignment. Also, the
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current density-voltage (J-V) character-
istics of PSC devices are measured under
AM 1.5G irradiation.

The silane-treated PSCs present
a PCE of 20.3%, which represents
a nearly 20% efficiency increase over
the pristine counterpart (PCE=

17.1%). Importantly, such a significant
improvement of performance is also
achieved in silane-treated MAPbI3-
based device, further demonstrating the
effectiveness of CPS and CMS layers in
passivating defects and improving IEA.
Also, we find that the device stability is
significantly enhanced after passivation.

Results and Discussion

It has been reported that chlorine-
containing molecules are more suitable
than other halides for passivating defects
in perovskites due to the stronger Pb@Cl
bonding over Pb@I or Pb@Br bonding.[8]
Moreover, it has been demonstrated that
Cl-rich nucleation sites lead to better
crystal coalescence and minimized
GBs,[9] and that the presence of chlori-
nated species around GBs reduces elec-
tron-hole recombination.[10] Also, the
CPS and CMS chlorosilane molecules
possess a strong dipole moment owing to
the two terminal functional groups with
the dipole moments pointing from -Cl to
-OCH3 ends. Thus, they can form a mo-
lecular dipole layer at the perovskite/
HTL interface, which can be exploited
to improve IEA for hole extraction and
induce a higher VOC. However, investi-
gations into the use of silanes for defect passivation in order to
optimize interfaces in PSCs have remained limited in scope,
particularly in the context of the passivation mechanisms and
the effect on IEA.

Unless otherwise specified, the perovskite used in our
study is Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3. Figure 1a,b com-
pares the SEM images of Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3
films without and with CPS silane treatment. The deposition
of CPS appears to tighten the proximity of perovskite
crystallites, while many gaps between crystallites (marked
with red cycles in Figure 1a) are found in the pristine
perovskite film. Figure S2 shows the atomic force microscopy
(AFM) height images of the Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3
films before and after CPS treatment. The root-mean-square
roughness (Rq) of the film decreases in half, from 24.2 nm in
the pristine sample to 12.0 nm after CPS deposition, which
points to CPS passivating the GBs and reducing the height
difference between the crystallite surface and the GB.

The absorbance of the CPS-treated perovskite film
increases over the entire visible range, implying an enhanced

light-harvesting capacity (Figure 1c). Figure 1d displays ln
a (where a is the absorption coefficient) versus photon energy
near the absorption edge. For the CPS-treated perovskite
film, the Urbach energy EU (ca. 10 meV), as determined by
the reciprocal of the slope of straight lines near the absorption
edge, is lower than that of the pristine film (ca. 15 meV) (see
Supplementary Note 1 in Supporting Information).[11] This
result suggests that the density of trap states in the perovskite
film is reduced upon CPS treatment.[12] The steady-state
photoluminescence (PL) spectra demonstrate that the PL
intensity of the CPS-treated perovskite film is four times as
large as that of the pristine film (Figure 1e), which indicates
that the CPS treatment greatly reduces the trap-assisted
recombination process and non-radiative losses.[13] The time-
resolved photoluminescence (TRPL) decays of the two
perovskite films deposited on bare glass can be fitted to
a bi-exponential decay with a fast and a slow component
(Figure 1 f). The fast and slow quenching processes can be
attributed to radiative recombination from bulk perovskite
and non-radiative recombination by defects, respectively.[3,14]

Figure 1. SEM images of Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3 films a) without and b) with CPS
treatment. The red circles indicate the gaps between perovskite crystals. c) UV-vis absorption
spectra, d) dependence of lna on photon energy (hn), e) steady-state PL spectra, and f) TRPL
of pristine and CPS-treated perovskite films on bare glass.
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Notably, the CPS-treated film displays longer lifetimes for
both fast and slow processes, suggesting that the CPS
treatment decreases defect-induced non-radiative recombi-
nation processes and improves the quality of the bulk
perovskite film. This can be ascribed to the passivation of
defects and GBs in the CPS-modified perovskite.

CPS has an intrinsic dipole moment with negative and
positive poles on the -Cl and -OCH3 ends, respectively.[15]

Thus, it is susceptible to form a molecular dipole layer at the
perovskite/HTL interface (i.e.,
Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3/Spiro-OMeTAD; see Experi-
mental Section in Supporting Information),[16] thereby altering
the energy band alignment.[17] As the silane Cl atom can
passivate some of the perovskite defects, the CPS molecules
are expected to interact with the defects through their Cl
ends. Earlier density-functional theory (DFT) calculations
using the generalized gradient approximation without spin-
orbit coupling have found that the formation energy of halide
vacancies (VX=& 0.67 eV) is lowest among defects including
iodine interstitials (& 0.83 eV) and MA vacancies
(& 1.28 eV).[18] Thus, VX is anticipated to be the primary
form of defects in perovskites and the chlorine atoms can be
assumed to passivate such VX sites (Figure 2a). Given this
orientation, the electrostatic potential energy comes down
above the dipolar interlayer (right panel, Figure 2b; Fig-
ure 2c).[16, 17] Consequently, compared to the pristine perov-
skite, the energy difference Fb between the valence band
maximum (VBM) of the perovskite and the HTL HOMO
level decreases; this also means that the energy difference
between the perovskite conduction band minimum (CBM)
and the HTL HOMO increases upon CPS treatment, which
contributes to raise the PSC VOC. To confirm the validity of
this assessment, we determined the band alignment between
Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3 and Spiro-OMeTAD. Fig-
ure 2b depicts the energy band diagram of the perovskite/

HTL interface in the absence and in the presence of the
molecular dipole layer. The perovskite energy levels were
determined from ultraviolet photoelectron spectroscopy
(UPS, Figure S3) and UV/Vis absorption measurements
(Figure 1c), while the HTL-Spiro-OMeTAD levels
(ELUMO=@2.24 eV and EHOMO=@5.22 eV) were taken from
the literature.[19] The perovskite energy-level evolution after
CPS passivation is consistent with our expectations. The work
function decreases by ca. 0.35 eV due to the CPS dipole layer
and Fb reduces from 0.42 eV to 0.01 eV, which results in an
Ohmic contact; simultaneously, the energy difference be-
tween the perovskite CBM and the HTL HOMO increases
from 1.21 eV to 1.62 eV. These results in turn verify that it is
the Cl end of the CPS layer that binds to the perovskite
surface.

To further understand the impact of the silane layer on
passivating the perovskite surface defects and regulating the
work function, we performed DFT calculations with the
Perdew-Burke-Ernzerhof (PBE) functional and the Grimme
dispersion correction (DFT-D2) (see the Supporting Infor-
mation for details on the computational methodology). To
facilitate the computational work, MAPbI3 was selected as
the perovskite material (we note that MAPbI3-based devices
without and with chlorosilane treatments were also fabricated
and compared, see Figures S4–S5; the results demonstrate
that in this case as well the incorporation of chlorosilane
molecules significantly improves PSC performance). We
considered two limiting cases: In the first one, the MAPbI3
surface is considered to be perfectly terminated either by
a MAI layer (Figure S6a) or by a PbI2 layer (Figure S7a). In
the other case, each surface unit cell contains an iodide
vacancy (VI), which corresponds to a surface defect density of
1.29X 1014 cm@2 (Figure S6b and Figure S7b). The modifica-
tion of each surface by a CPS monolayer (Figures S6c,6d and
Figures S7c,7d) was then modeled to examine the change in

Figure 2. a) Schematic diagram of PSC without (central panel) and with (right panel) CPS treatment. The open red circles represent VX sites.
b) Schematic band diagram of perovskite/HTL (i.e., Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3 and Spiro-OMeTAD) without and with interfacial dipole
pointing towards HTL. Note, a rigid energy shift of the HOMO and the lowest unoccupied molecular orbital (LUMO) of the HTL was assumed
caused by the change in EVac after CPS treatment. c) Schematic energy level of perovskite and Spiro-OMeTAD as calculated at the DFT level.
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work function (F) (Figures S8–S9). For both the MAI and
PbI2 surface terminations, the CPS molecules bind more
strongly to the VI-containing surfaces than the perfect
surfaces. The binding energy per CPS molecule is approx-
imately @0.42 eV for the MAI-terminated surface (MAI-VI)
and @0.72 eV for the PbI2-terminated surface (PbI2-VI).
These values are 0.19 eV and 0.29 eV larger than those for
the respective perfect surface terminations (see the discussion
of Figures S4–S5 in Supporting Information). The Cl atoms
are found to point towards the VI sites with the trimethoxy
groups (OCH3) away from the surface (Figure 2c), which
corroborates the description in Figure 2a. The shortest
distance between a CPS Cl atom and an under-coordinated
Pb on the MAI-VI surface is & 3.70c, which is approximately
0.5c longer than the Pb@I bond length in the perovskite
lattice. Overall, the results indicate that the CPS molecules
are weakly adsorbed on the perovskite surface, with Cl atoms
(partially) saturating and thus passivating the under-coordi-
nated Pb cations associated with VI sites.

The calculated work function changes (DF) for the CPS-
modified MAI-VI and PbI2-VI surfaces are @0.81 and
@1.12 eV, respectively (Figures S8–S11), which is consistent
with the experimental evolution (@0.35 eV in Figure 2a)
measured by UPS. The fact that the absolute values of the
calculated work function decrease are two to three times as
large as the experimental result can be attributed to the high
surface coverage of CPSmolecules and high surface density of
iodine vacancies modeled in the DFT study (which is
a necessary step to prevent the computational costs to
become prohibitive).

Using the methodology developed in our earlier work,[20]

we explored the underlying mechanism for the work function

decrease. Our calculations indicate that, for both the CPS-
modified MAI-VI and PbI2-VI surfaces, the main factor
leading to the work function decrease is the electrostatic
potential energy drop (DVmol) induced by the dipolar CPS
layer, @0.85 eV (Figure S8) and @0.82 eV (Figure S9) for the
MAI-VI and PbI2-VI surfaces, respectively. These electrostatic
energy drops correspond to molecular dipoles with the
components perpendicular to the surface (m?,mol) calculated
to be 1.68 and 1.74 Debye, respectively (Figure 2c).

The champion PSC fabricated with the CPS-treated
perovskite shows improved performance (Figure 3a) with
VOC of 1.12 V, short-circuit current (JSC) of 24.8 mAcm@2, fill
factor (FF) of 73%, and overall PCE of 20.3%. The average
PCE over ten devices amounts to 19.2: 0.5%. These values
can be compared to those for the control devices based on
pristine perovskite films: the champion cell has VOC of 1.06 V,
JSC of 24.1 mAcm@2, FFof 67%, and PCE of 17.1%, while the
average PCE value over ten cells is 16.9: 0.2%. The
enhanced JSC is due to improved light harvesting (Figure 1c),
while the increase in both VOC and FF are indicative of an
improved morphology of the perovskite film (Figure 1b) as
well as the passivation of defects and GBs, leading to
a reduced non-radiative charge recombination in the perov-
skite film (Figure 1e). In addition, the CPS dipole layer at the
interface between the perovskite and HTL layer results in
a higher VOC, as discussed above (Figure 2b).[21] It is also
worth noting that the hysteresis in the CPS-based PSC was
much smaller than that in the control device (Figure S12); the
PCE of pristine perovskite-based devices drops by 1.1%
when the scan direction switches from reverse to forward,
while it only decreases by 0.6% for devices treated with CPS,
which further confirms the lesser density of defects in the

Figure 3. a) J-V curves of the champion PSC without and with CPS passivation. I-V characteristics of hole-only devices by using b) a pristine
perovskite film and c) a CPS-treated perovskite film. d) Nyquist plots of electrochemical impedance spectroscopy (EIS) for the devices in the dark
at an applied bias of 0.85 V. e) Charge carrier transfer time ttr and f) charge diffusion coefficient Dn as a function of light intensity.
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CPS-passivated perovskite film. The concentration of elec-
tronic trap states and the hole mobility were then evaluated
by measuring the I-V response in the space-charge-limited
current (SCLC) regime (Figure 3b,c and Supplementary Note
2). The hole-only device with the CPS-treated perovskite
absorber exhibits a lower trap density (Ntrap= 2.1X 1016 cm@3)
and higher hole mobility (mhole= 4.1X 10@3 cm2V@1 s@1) than
the pristine perovskite-based device (Ntrap= 6.1X 1016 cm@3

and mhole= 1.7X 10@3 cm2V@1 s@1).
To characterize the interfacial charge transfer, electro-

chemical impedance spectroscopy (EIS) measurements were
performed in the dark at a bias of 0.85 V (Figure 3d). In the
EIS plots, the x-axis intersection at high frequency represents
the total series resistance of the device, Rs, while the
semicircle in the low-frequency region relates to the recom-
bination resistance, Rrec.

[22] The CPS-treated device has
a smaller Rs (18.6W) than the control device (31.3 W), which
suggests that the CPS treatment improves the device con-
ductivity and can result in higher FF.[23] The CPS treatment
induces a significant increase in Rrec from 1.7 kW to 13.5 kW;
we note that, since a largerRrec value points to reduced carrier
recombination, the CPS treatment alleviates interfacial
charge loss. Figure S13 presents the Nyquist and Bode plots
of intensity-modulated photocurrent spectroscopy (IMPS) for
devices without and with CPS treatment. The charge carrier
transport time ttr can be derived from ttr= 1/(2p·fIMPS) where
fIMPS is the maximum at a certain light intensity in each
semicircle. The CPS-treated device has shorter ttr than the
control device, indicating a faster collection of charges at the
electrodes (Figure 3e). The carrier diffusion coefficientD can
be calculated via D= d2/(2.35ttr), where d is the thickness of
the photoelectrode (Figure S14).[12, 24] The D values of the
CPS-treated device are higher than those of the control device
under different light intensities (Figure 3 f), which means that
the photogenerated charges can more rapidly diffuse from the
perovskite layer to the electrodes and be collected.

We also evaluated the PSC photovoltaic performance with
the perovskite film treated with CPS solutions of different
concentrations (Figure S15). As the CPS concentration in-
creases from 0 to 40 mM, the device performance progres-
sively improves. However, further increasing the concentra-
tion to 100 mM decreases the PCE, which can be attributed to
the insulating nature of CPS and the adverse impact of thicker
passivation layers.[25]

To further explore the impact of the nature of the
passivation layer, two additional silane molecules, that is,
CMS and tetramethoxysilane (TMS) (Figure S1), were also
employed to coat the perovskite film. Compared to CPS, CMS
contains a Cl atom yet with a shorter alkyl chain, while TMS
has no Cl substitution. In a way similar to the CPS-treated
devices, CMS passivation results in improved performance
over the control devices, with JSC of 24.4 mAcm@2, VOC of
1.13 V, FF of 72%, and PCE of 19.9% for the champion
device (Figure S16). The average PCE over ten devices
reaches 19.1: 0.5% (Figure S17). Importantly, compared to
CPS-treated (maximum PCE= 20.3%) and CMS-treated
(maximum PCE= 19.9%) devices, TMS-treated devices do
not provide a substantial improvement (PCE= 17.8%) over
the control device (PCE= 17.1%). These results highlight the

importance of the presence of Cl in CPS and CMS in
passivating the perovskite and enhancing device perfor-
mance.

Hybrid perovskites are known to be chemically unstable
in the presence of moisture and under illumination.[26] We
studied the impact of moisture on pristine and CPS-treated
PSCs by exposing the cells in a desiccator to a constant 35%
relative humidity for 30 days, followed by exposure to
ambient atmosphere at ca. 65% humidity for 7 additional
days. Figure 4a–d presents the normalized photovoltaic
parameters as a function of time. After 37 days, the CPS-
treated device exhibits a considerably higher PCE (12.9%)
than the control cells (6.2%). Both devices experience a JSC
drop while the VOC values remain quite stable when the
devices are stored in the desiccator; upon exposing the
devices to ambient atmosphere, however, the VOC of the
control device drops significantly compared to that of the
CPS-treated device (grey regions in Figure 4b), which further
confirms the improved humidity stability upon CPS treat-
ment. In order to evaluate the water-resistivity change, the
contact angles of the perovskite films without and with CPS
treatment were tested (Figure S18). Contact angles of 43.288
and 61.688 were measured for the pristine and CPS-treated
perovskite films, respectively, indicating an improved water
resistance of the CPS-treated perovskite.

The XRD patterns of the control and CPS-treated
perovskite films after storage in ambient atmosphere for 2
days are shown in Figure 4e; the characteristic peak of cubic
PbI2 at 12.788 was observed in the pristine perovskite, while no
PbI2 peak can be identified in the CPS-treated perovskite.
This result highlights the occurrence of ion migration and
decomposition in the pristine perovskite, a consequence of its
low moisture stability, while surface modification provides
improved resistance against moisture. This can be further
corroborated by tracking the PL spectra of the pristine and
CPS-treated perovskite films stored in ambient atmosphere
(Figure 4 f). As expected, the PL spectra remain nearly
unchanged for the CPS-treated perovskite, while the pristine
perovskite film undergoes a red-shift of the PL peak position
over time due to halide segregation into halide-rich compo-
nents that act as recombination centers.[4, 27]

In addition to the impact of humidity, we also investigated
the stability under illumination (Figure S19). The pristine
perovskite film was also seen to display a red-shift of the PL
peak position over time. This is consistent with reports that
the mixed halide perovskites undergo ion migration and thus
phase segregation under continuous illumination. This results
in the formation of halide-rich domains with a smaller band
gap and a red-shifted emission (Figure S19a).[28] In contrast,
the PL spectra of the CPS-passivated perovskite film are
much more stable under AM 1.5G irradiation.[4]

Conclusion

In summary, we have demonstrated an interfacial passi-
vation strategy that allows us to engineer a perovskite
absorber layer with a smaller crystallite surface roughness.
The simple deposition of strongly polar chlorosilane-based
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molecules at the perovskite/Spiro-OMeTAD interface (i) re-
sults in an effective passivation of the perovskite defects,
which contributes to suppress defect-induced non-radiative
recombination processes, and (ii) improves the energy-level
alignment at the perovskite/HTL interface, which increases
the silane-cell performance. The chlorinated silane molecules
bind to VX-containing surfaces with their chlorine atoms
pointing towards the VI sites. The DFT results indicate that
the chlorosilane molecules weakly adsorb on the perovskite
surface with the chlorine atoms (partially) saturating the
under-coordinated Pb cations to passivate the VX sites. This
arrangement of the silanes lowers the work function of the
VX-containing perovskite surface, to the extent of providing
an Ohmic contact between the perovskite and the Spiro-
OMeTAD HTL layer, which facilitates hole transfer across
the interface. The CPS-treated perovskite absorber exhibits
lower trap density (Ntrap= 2.1X 1016 cm@3) and higher hole
mobility (mhole= 4.1X 10@3 cm2V@1 s@1) than the pristine per-
ovskite-based device (Ntrap= 6.1X 1016 cm@3 and mhole= 1.7X
10@3 cm2V@1 s@1). The resulting CPS-treated device displays
shorter charge carrier transport times and higher carrier
diffusion coefficients, which points to a faster hole diffusion
and collection from the perovskite layer to the electrode. As
a result, a CPS-modified Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3 de-
vice achieves a PCE of 20.3%, a nearly 20% increase over
a device based on a pristine film. The same holds true for
a MAPbI3 device upon the CPS treatment. Importantly, the
defect passivation by chlorinated silane molecules also
improves the device stability by inhibiting phase segregation
in humid air and under illumination.

Our study highlights the effectiveness of the interfacial
deposition of polar silane molecules in providing defect
passivation and control over interfacial energy-level align-
ment. By extension, the use of other halide-terminated
molecules with a strong dipole moment as interfacial modifier
can open up new avenues for the engineering of a variety of
high-performance optoelectronic devices, including solar
cells, photodetectors, or light-emitting diodes.
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