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Thiols as interfacial modifiers to enhance the
performance and stability of perovskite solar cells†
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Modifying the interfaces of CH3NH3PbI3 with TiO2 and hole trans-

port layers using two different types of thiols leads to enhanced

performance and stability of perovskite solar cells. The incorpor-

ation of HOOC–Ph–SH at the TiO2/perovskite interface facilitates

electron transfer from perovskite to TiO2 and also alters the mor-

phology of perovskite crystal growth to increase the power con-

version efficiency. The modification of pentafluorobenzenethiol at

the perovskite/hole transport layer interface improves the stability.

Depletion of fossil fuels has led to considerable development
in many areas related to photovoltaic cells based on earth-
abundant materials. Only within several years, perovskite solar
cells (PSSCs) are emerging as one of the most promising candi-
dates for the next generation of cost-effective solar cells with
high efficiency.1–7 Interfacial engineering over the interfaces of
the organometal trihalide perovskite layer with the hole and
electron extracting layers has been demonstrated to be critical
for optimizing the overall performance of PSSCs. With respect
to CH3NH3PbI3, the TiO2/Spiro-OMeTAD couple with good
optical transparency and perfect band alignment has become
one of the most successful interfacial combinations.2–6,8–12As
for PSSCs based on the mesoporous TiO2, the efficient contact
of the interface between porous titania and perovskite is of
paramount importance for their performance as well.

In conventional dye-sensitized solar cells (DSSCs), organic
dyes bearing the anchoring groups, such as carboxylic acid
moieties, can bind onto the TiO2 surface to facilitate the elec-
tron injection, improving the efficiency of DSSCs.13–15 With
this motivation, organic HOOCRNH3

+I− anchor molecules,16

silane self-assembled monolayers17 and 3-aminopropanoic
acid SAM onto the sol–gel ZnO18 have also been successfully
introduced at the TiO2/perovskite interface to optimize the
overall performance of PSSCs. In most of these studies, alkyl
chains are typically present between the binding sites of the
anchor molecules involved. It has been well documented that
the π-electron acceptors readily facilitate the better electron
transfer in DSSCs.19–21 In this context, we have proposed that
the interfacial modification of the TiO2/CH3NH3PbI3 interface
with carboxylic acid–thiol ligands (HOOC–Ph–SH) containing
a π-electron unit would provide an effective route to improve
the conversion efficiency of PSSCs.

Moreover, the poor long-term stability, in particular, when
subjected to environmental stress such as light-induced heat
and moisture, is the main challenging issue for the commer-
cialization of PSSCs. To address this issue, various strategies,
such as controlling the crystallization process of perovskite
film,22–24 introducing the insulating polymer onto the perovs-
kite film25 and replacing the classic Spiro-OMeTAD with other
hole-transports,26–28 have been investigated. However, the
inherent vulnerability of methyl-ammonium lead halide lies in
the highly hygroscopic methyl-ammonium cations. Moisture
easily breakdowns the structure of methylammonium lead
halide.25 In this work, we also report the use of hydrophobic
thiols to enhance the stability of the PSSCs. Thiols containing
highly hydrophobic motifs (e.g., HS–C6F5) were used to cover
the perovskite surface by Pb–S coordination (Fig. 1), creating a
fully hydrophobic molecular layer to inhibit the intrusion of
water molecules into the perovskite film. Such a simple treat-
ment led to much enhanced stability of PSSCs in air and
under AM 1.5 G solar light illumination as well.

In this work, the entire fabrication procedure of perovskite
solar devices was carried out in open air at a common relative
humidity of 45%. As shown in Fig. 1a, the fabricated device
adopted the commonly used mesoporous configuration, with
thiol-modifications at the interfaces of mesoporous-TiO2/per-
ovskite and perovskite/Spiro-OMeTAD as well. In a typical pro-
cedure, a compact titania layer was deposited on a FTO
(fluorine doped tin oxide) conducting glass substrate, which
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was followed by the deposition of a mesoporous TiO2 layer of
200 nm thickness to enhance electron extraction and trans-
port. Our idea of introducing ligands bearing both carboxylic
acid and thiol groups (HOOC–Ph–SH as presented in Fig. 1b)
at the interface between porous titania and perovskite layers
was to enhance their contact, thus enhancing the electron
transfer. Experimentally, the as-obtained TiO2 mesoporous
films were treated with HOOC–R–SH before the deposition of
the perovskite layer. The deposited perovskite film was then
treated with thiols having hydrophobic groups (HS–R′, as
shown in Fig. 1c) to create a hydrophobic molecular layer. The
main purpose of such a layer is to block the entrance of water
molecules into the perovskite film, thus enhancing its stability
against humidity. Finally, a layer of p-type organic hole-con-
ductor Spiro-OMeTAD and the gold cathode were deposited on
the top to complete the fabrication. The detailed procedures
are given in the ESI.† The structures of the fabricated perovs-
kite devices were characterized by XRD (Fig. S1†), UV-Vis
(Fig. S2†) and SEM (Fig. 2a, S3 and S4†). All these data indi-
cated that the perovskite structures were well-formed in all of
the fabricated solar cells.29,30

To confirm the successful anchoring of carboxylic acid–
thiol between mesoporous TiO2 and perovskite, FTIR spectra
of films during the fabrication of devices were recorded
(Fig. S5†). In the case where HOOC–Ph–SH was used as a mole-
cular solder for the mesoporous TiO2 and perovskite, the
HOOC–Ph–SH/perovskite film displayed an absorption peak at
1697 cm−1 which can be assigned to COO stretching. The dis-
appearance of the absorption peak at 2581 cm−1 and the
appearance of the absorption peak at 435 cm−1 suggests the
coordination of SH-groups to Pb on the perovskite. The peak at
435 cm−1 can be assigned to the Pb–S coordination-function.31

These results demonstrated the successful anchoring of car-
boxylic acid–thiol between TiO2 and perovskite with –COOH
bound to TiO2 and –SH bound to Pb on the perovskite.

In order to demonstrate the effect of carboxylic acid–thiol
linkers on the electron transfer at the TiO2/perovskite inter-

face, the overall performance of the FTO/TiO2/HOOC–R–SH/
perovskite/Spiro-OMeTAD devices (Fig. 2a) was measured
under AM 1.5, 100 mW cm−2 light illumination. The incident
photon-to-current conversion efficiency spectra (IPCE) of the
cells spanned from the UV region to 800 nm (Fig. S6†), match-
ing well with their UV-Vis absorption spectra (Fig. S2†). As
illustrated in Fig. 2b, c, S7 and Table S1,† the incorporation of
HOOC–Ph–SH at the TiO2/perovskite interface did enhance the
overall performance of the solar cells. The best efficiency of
14.1% was observed from the solar cells fabricated with
HOOC–Ph–SH. Measurements over 100 fabricated cells gave an
average efficiency of 12.4 ± 1.8%. In comparison, 100 devices
fabricated without HOOC–Ph–SH offered an average efficiency
of 11.6 ± 1.6% with the best device reaching a power-conver-
sion efficiency of 13.2%. The best device was fabricated with
the HOOC–Ph–SH ligand bearing the π-electron motif with the
short-circuit current density ( Jsc), open-circuit voltage (Voc) and
fill factor (FF) being 20.66 mA cm−2, 1.02 V and 0.67,
respectively.

To further confirm the enhanced electron transfer in the
HOOC–R–SH modified perovskite solar cells, the transient
photoluminescence (PL) measurements were also carried out
using the steady state and time-resolved fluorescence method
(Fig. 2d). Interestingly, compared to the perovskite-only film
with a decay time of τ = 9.3 ns, the film with the HOOC–Ph–SH
modification exhibited a relatively short transient decay time
of 7.6 ns. While, the film with HOOC–(CH2)11–SH had a longer
decay time of 11.9 ns. The longer lifetime for the HOOC–
(CH2)11–SH modified cell may have been caused by the weak
electron transfer ability due to the presence of the long alkyl
chain between –COOH and –SH motifs, therefore leading to a

Fig. 1 (a) The schematic structure of the perovskite solar cell modified
by HOOC–R–SH and HS–R’ whose molecular structures are shown in
(b) and (c), respectively.

Fig. 2 Cross-sectional SEM image of the device of FTO/TiO2/HOOC–
Ph–SH/perovskite/HS–PhF5/Spiro-OMeTAD (a). The best I–V character-
istics (b), comparison of the performance distributions of 100 individual
devices (c), and the transient PL spectra (d) of perovskite and HOOC–R–
SH-based perovskite cells.
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faster electron recombination. The relatively short lifetime for
the cells having HOOC–Ph–SH bound at the interface between
the TiO2 and CH3NH3PbI3 layers suggested a π-electron trans-
port-method to retard the charge recombination, resulting in
an overall enhanced photovoltaic performance. It should also
be noted that the introduction of HOO–R–SH binders altered
the growth behavior of perovskites. As shown in the top-view
SEM images of the as-prepared HOOC–R–SH modified perovs-
kite films (Fig. 3), the CH3NH3PbI3 nanocrystals supported on
the TiO2 are evidently larger in size, compared to that of the
perovskite-only sample. At this point, it is still unclear how the
HOOC–R–SH modification promotes the electron transfer
from perovskite to TiO2. More work is still needed to deter-
mine whether the overall improved efficiency originated from
the electronic effect, the morphological effect or both.

The long-term stability is among the biggest remaining
challenges in perovskite solar cells. Water, which is a Lewis
base, readily combines with CH3NH3PbI3 and removes the
ammonium from the perovskite structure, leading to an easy
breakdown of the perovskite framework. While the thiol modi-
fication at the TiO2/perovskite interface helped to promote the
electron transfer to some extent, such a modification did not
enhance cells’ stability (Fig. S8†). Owing to the strong coordi-
nation of thiol on Pb2+, employing hydrophobic thiols to
create a molecular protection layer on perovskite might be an
effective method to stabilize perovskite solar cells against
humidity. Following this idea, we applied a series of HS–R′
ligands (Fig. 1c) to decorate the perovskite films before the
deposition of Spiro-OMeTAD. With such a modification, the
surface of the perovskite nanocrystallites was slightly eroded
(Fig. 3d). The successful modification of thiol on the perovs-
kite surface was confirmed by the disappearance of the IR
absorption peak of –SH at 2581 cm−1 and the absorption peak
of Pb–S at 435 cm−1 (Fig. S5†).

As shown in the I–V and IPCE curves of the most-efficient
cells (Fig. 4, S9 and S10†), the features of photocurrent
responses in the range from 300 nm to 800 nm with the
maximum efficiency of over 80% roughly resemble their
respective absorption spectra (Fig. S2†). The modification of
hydrophobic thiols on perovskite did not alter the average per-
formance of the cells (Fig. 4b and S10†), although the best
efficiencies slightly decreased. Compared to the cells without
the HS–R′ modification, the cells with the modification exhibi-
ted poorly fill factors and low voltages, which might be
explained by the fact that the surface modification of thiols on
the perovskite surface retarded the efficient contact between
the perovskite and hole transport layers.

Without causing much deleterious effects to the cells’
overall performance, the surface modification of perovskite by
“water-resistant” HS–R′ ligands offers an effective protection
method to improve the stability of perovskite solar cells. As
shown in Fig. 5a, when stored in air at room temperature with
a humidity of about 45%, the perovskite solar cells with the
encapsulation of HS–PhF5 showed no obvious color change in
8 days. In comparison, in the same period, the cells without
the thiol encapsulation decayed to a great extent and the color
faded from dark to yellow. Accordingly, the HS–R′ modification
experienced a marked increase in stability, especially the HS–
PhF5 ligand bearing hydrophobic fluorine units (Fig. 5b and
S11†). The devices with the HS–PhF5 modification retained
over 80% of their original efficiency after 10-day storage in air
with a relative humidity of ∼45%. In contrast, under the same
storage conditions, the cells with thiol modification lost ∼80%
of their efficiency after 10 days. The cells with thiol modifi-
cation exhibited much enhanced stability under illumination
in humid air as well. As under illumination at AM 1.5 G
(Fig. 5c and S12†), the cells without thiol modification lost
50% of their activities within 50 min. In comparison, the time
for the cells with the HS–PhF5 to lose 50% of their original
efficiencies was extended beyond 200 min. These results nicely
demonstrate that the deposition of hydrophobic thiol at the
interface between perovskite and hole transport layers can
efficiently inhibit the escape of methylammonium and entrance
of water molecules, providing an effective molecular sealing
approach to enhance the stability of perovskite solar cells.

Fig. 3 SEM images showing the surfaces of (a) TiO2/perovskite, (b)
TiO2/HOOC–(CH2)11–SH/perovskite, (c) TiO2/HOOC–Ph–SH/perovskite,
and (d) TiO2/HOOC–Ph–SH/perovskite/HS–PhF5 deposited on FTO
glasses.

Fig. 4 (a) The I–V characteristics of the best cells and (b) the perform-
ance distributions of 100 individual devices of HOOC–Ph–SH/perovskite
and HOOC–Ph–SH/perovskite/HS–R’.
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Conclusions

In conclusion, an effective interfacial modification route using
thiols has been developed to improve both performance and
stability of perovskite solar cells. The chemical modification at
the TiO2/perovskite interface by HOOC–Ph–SH facilitated the
growth of bigger perovskite crystallites and enhanced the
transfer of photo-generated electrons from perovskite to TiO2

as well. With such a modification, the best photon-to-current
conversion efficiency of 14.1% was observed for the perovskite
solar cells fabricated under ambient conditions. Furthermore,
modifying the perovskite/Spiro-OMeTAD interface with hydro-
phobic thiols, especially HS–PhF5 remarkably improved the
stability of PSSCs in air or under AM 1.5 G solar light illumina-
tion. The developed interfacial modification approach should
be effective to enhance both conversion efficiency and stability
of perovskites having other architectures.
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