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Although great progress has been made in perovskite solar cells

(PCSs), further development of PCSs is hindered by a large number

of defects, nonradiative recombination, and mysterious stresses.

Here, we propose a new interfacial strategy by introducing a new

polymer material named povidone-iodine (PV-I) as a buffer layer. A

series of studies indicate that the introduced buffer layer can form

a strong chemical interaction with SnO2 and the perovskite, which

can not only passivate the defects of the two functional layers but

also strengthen the interfacial connection. The reduction of film

defects and the enhancement of interface connection are ben-

eficial to the extraction and transport of the carrier. In addition,

the introduction of a buffer layer releases the interfacial stress.

Ultimately, we achieved attractive efficiency (22.02%, 0.1 cm2) and

considerable long-term stability (after aging 500 h, the target

device still retains 81% of its original PCE). The excellent perform-

ance of the device indicates that this strategy can be used as an

effective control method for perovskite solar cells to facilitate their

commercialization.

Introduction

Organic–inorganic perovskite solar cells (PSCs) have made
great process since first reported by Miyasaka.1 Until now,
single junction PSCs have achieved a power conversion
efficiency (PCE) of 25.7%,2 and thus PSCs are considered the

mainstay of the next-generation photovoltaic market. However,
there is still some distance with the limit of the PCE of PSCs
due to defect-abundance and severe interfacial nonradiative
recombination.3–5 So, it is important for PSCs to passivate
defects and improve the interface contact.

It has been reported that film quality and interface features
are the key factors affecting device efficiency.6,7 To date, many
strategies have been proposed to improve film quality, such as
additive strategies, interface engineering, anti-solvent engin-
eering, preparation process improvement, etc.7–10 Among
these, interface engineering, especially buffer layer interface
engineering, has been considered an effective method because
it cannot only improve the quality of the perovskite film but is
also expected to enhance the interface contact. Zhang and co-
workers used hydroxyethyl piperazine ethane sulfonic acid
(HEPES) as a buffer layer to modify the interface between SnO2

and perovskite.11 The result shows that the buffer layer can not
only improve the crystallinity of the perovskite film and reduce
the interface defects but also adjust the interfacial energy
level. Finally, the PCE of PSCs increased from 18.43% to
20.22%. Our previous work also proved that interface engineer-
ing is important for PSCs.12,13 Therefore, it is necessary to
develop new molecules for buried bottom interfaces to
improve device efficiency.

On the other hand, due to the lattice mismatch of the fabri-
cation process and the interface, there is a large amount of
residual stress at the interface and the thin film of the device.
These residual stresses can accelerate device failure as water
and oxygen are more likely to attack where residual stresses
exist.14–17 Therefore, it is urgent to find new strategies to
improve stress distribution in devices. Zhang et al. attempted
to release the interface stress by introducing a protonated
amine silane coupling agent (PASCA-Br) between TiO2 and per-
ovskite layers.18 Significant stress relief was observed due to
the presence of PASCA-Br. The final performance of the device
was greatly improved due to the disappearance of stress. We
also tried to introduce ionic liquids to improve interfacial
contact and release interfacial stress, thus achieving attractive
efficiency.9,19 To sum up, how to release the residual stress is
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very important to improve the efficiency and stability of the
device.

So far, many works have demonstrated that polymers have
excellent performance in terms of improving device perform-
ance and stability.20–23 For example, Chen et al. showed that
through an in situ cross-linking method, an ultra-thin polymer
passivation layer was formed on the surface of the perovskite
film, and a 1D perovskite layer was formed at the same time.
This passivation strategy not only improves the carrier trans-
port performance of the interface. At the same time, the inter-
face defect density is reduced, and the residual tensile stress is
released. Finally, the device shows an excellent PCE excess of
21%.24 Polymethyl methacrylate (PMMA) was used as a tem-
plate to control the nucleation and growth process of perovs-
kite thin films by Grätzel et al.25 The experimental results
prove that the films grown by the template method are shiny
and smooth and have an ultra-long photoluminescence life-
time. At the same time, the defects of the perovskite film are
reduced. Ultimately, the device performance was as high as
21.6%, and the certified efficiency exceeded 21%. At the same
time, the device exhibits ultra-long-term stability. These works
suggest that polymers may be a potential option for improving
the efficiency and stability of PSCs.

In this work, we use a novel polymer named povidone-
iodine ((C6H9NO)n·xI2, PV-I) for the first time to tune the
buried interface. Obviously, PV-I with multifunctional groups
is expected to achieve multifunctional regulation. As expected,
the experimental results demonstrate that the introduction of
PV-I has the following advantages: first: reducing the defects
of the SnO2 electron transport layer and perovskite film;
second: improving the quality of perovskite film; and last but
not least: improving the interfacial connection and releasing
the interfacial stress. Owing to the above advantages, the final
device performance exceeds 22%, while the unpackaged device

loses only 19% after 500 hours under ambient conditions.
This work provides guidance for the preparation of polymer-
modified perovskite solar cells and their commercialization.

Results and discussion

The device used in this work is FTO/SnO2/(PV-I)/perovskite
(PVK)/spiro-OMeTAD/Ag as presented in Fig. 1a, where PV-I
was introduced into the interface between SnO2 and PVK,
which is expected to improve the performance of PSCs.
Fig. S1† shows the structure of PV-I. First, X-ray photoelectron
spectroscopy (XPS) and Fourier-transform infrared (FTIR) spec-
troscopy were employed to investigate the interaction of PV-I
with SnO2 and PVK. Fig. 1b shows the Sn 3d peaks of SnO2

and SnO2/PV-I. The peak positions were shifted towards lower
binding energy after introducing PV-I on SnO2, indicating that
the electron cloud density increased, which is mainly due to
the strong chemical interaction between CvO and Sn2+. In
order to further prove the interaction, O 1s was further tested
and shown in Fig. 1c and d. As we all know the oxygen
vacancies can be reduced if there is indeed an interaction
between SnO2 and PV-I. Generally, the lower binding energy is
always assigned to the signal of oxygen vacancies, while the
higher binding energy can be assigned to the signal of lattice
oxygen. After modification with PV-I, the peak areas of the
oxygen vacancy reduced significantly, indicating that there is a
strong chemical interaction between PV-I and SnO2. In
addition, the chemical interaction between PVK and PV-I was
further proved by XPS and is shown in Fig. 1e. The peak of Pb
4f in the control perovskite film is shifted to lower binding
energy after PV-I modification, suggesting that there is also a
chemical interaction between PV-I and PVK.3 FTIR spectra
were further used to investigate the chemical interaction in the

Fig. 1 (a) Device structure of FTO/SnO2/Rb0.02(FA0.95Cs0.05)0.98PbI2.91Br0.03Cl0.06/spiro-OMeTAD/Ag prepared in this work. (b) Sn 3d XPS spectra of
SnO2 and SnO2/PV-I. O 1s XPS spectra of SnO2 (c) without and (d) with PV-I modification. (e) Pb 4f XPS spectra of PVK and PV-I/PVK. (f ) FTIR spectra
of SnO2, PV-I, and SnO2/PV-I.
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device. Fig. S2† shows the full FTIR spectrum of SnO2 with
and without PV-I modification. As shown in Fig. 1f, the peak at
600–700 cm−1 can be assigned to the stretching vibration of
O–Sn–O.10 Obviously, the shift indicates the chemical inter-
action in SnO2 and PV-I, which supports the above XPS results.
Fig. S3† shows the FTIR spectra of PVK and PV-I/PVK, and the
peaks located at 600 cm−1 and 895 cm−1 are considered to be
related to N–H vibration.9,12,26,27 The peak positions in PVK
are shifted to a lower wavenumber after PV-I modification,
which may be related to the formation of hydrogen bonds
between PV-I and PVK. In a word, the above results indicate
that the chemical interaction of PV-I with SnO2 and PVK can
be formed after introducing PV-I.

To confirm the effect of PV-I on perovskite film quality and
morphology, a series of technologies were used. First, UV–vis
spectroscopy was used to reveal the effect of PV-I on film
absorbance. First, the bandgap of the perovskite film was cal-
culated using Tauc plots and is shown in Fig. S4.† As shown in
Fig. 2a, the absorption intensity of the target perovskite film
was slightly increased after the addition of PV-I, which can be
due to the improved film quality and increased coverage.13 The
XRD result further indicates that the quality of the perovskite
film was improved after PV-I modification, which is due to the
increase of the peak intensity after the introduction of PV-I on
SnO2 (Fig. 2b). The scanning electron microscopy (SEM)
images of perovskite films deposited on SnO2 without and

with PV-I modification are shown in Fig. 2c and d. The grain
size slightly increased after the deposition of PV-I on SnO2

(Fig. S5†), which was mainly due to the change of the sub-
strate. In addition, the increased absorbance also can be attrib-
uted to the increase in the grain size and the improvement in
the film quality. The improved film quality can be due to the
several different kinds of functional groups in PV-I, which can
not only enhance the interface connection but also passivate
anionic defects (e.g., Pb–I antisite defects and formamidinium
(FA+) or methylammonium (MA+) vacancies) and cationic
defects (e.g., undercoordinated Pb).

As discussed in previous works, residual stress and film
orientation are important for the device’s performance. First,
depth-dependent grazing incident X-ray diffraction (GIXRD)
measurements have been successfully used to investigate the
stress distribution of perovskite films.9,19 Fig. 3a and b show
the GIXRD result of the film without and with PV-I modifi-
cation. Different incident angles (ω) were chosen to investigate
the stress at different depths. As shown in Fig. 3a, for the
control film, a significant peak shift can be seen at different
depths, indicating that there is a large amount of residual
stress in the film. Although PV-I was introduced into the inter-
face between SnO2 and PVK (Fig. 3b), the peak positions were
the same at different depths, suggesting that the stress had
been released. The released stress after PV-I modification
could be related to the effective passivation of interfacial

Fig. 2 (a) UV–vis spectra and (b) XRD patterns of the film deposited on FTO/SnO2 or FTO/SnO2/PV-I. SEM image of the perovskite film (c) without
or (d) with PV-I modification.
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defects. It was reported that the interfacial stress can be effec-
tively released through incorporating WS2 at the ETL/CsPbBr3
interface, which is considered to act as a “lubricant” between
the ETL and the perovskite.17 In this work, PV-I can play a
similar role to the previous work because PV-I can form chemi-
cal connections with SnO2 and the perovskite layer, as well as
passivate interfacial defects. Polar diagram measurement was
further employed to investigate the effect of PV-I on film orien-
tation. Here, the characteristic crystal plane (001) facet was
chosen for polar diagram measurement, as shown in Fig. 3c
and d. Bright spots are shown in both polar figures, indicating
that the film has an obvious orientation whether with or
without PV-I modification. However, a slight shift can be
observed in the control film while not in the target film,
proving that the target film may have a better orientation than
the control film. The slightly improved orientation can be
attributed to the change in the substance and chemical inter-
actions between PV-I and the perovskite.

Subsequently, photoluminescence (PL) and time-resolved
photoluminescence (TRPL) spectra were recorded to investi-
gate the effect of PV-I interface modification on the carrier life-
times of perovskite films (Fig. 4a and b, the device structure:
glass/(PV-I)/PVK). As shown in Fig. 4a, the enhanced PL inten-
sity for PVK after PV-I modification indicates that the defects
of the film were reduced, which again supports the improved
film quality in the above XRD analysis. TRPL decay curves are
presented in Fig. 4b, and are fitted by the following formula:25

I(t ) = I0 + A1 exp(−t/τ1) + A2 exp(−t/τ2), where A1 and A2 rep-

resent decay amplitudes, and τ1 and τ2 are related to non-
radiative recombination and radiative recombination, respect-
ively. The average lifetime (τavg) can be measured from the fol-
lowing equation:28 τavg = (A1τ1

2 + A2τ2
2)/(A1τ1 + A2τ2). As can see

in Table S1,† the carrier lifetime increases from 413.7 ns of the
control to 907.4 ns of the target, suggesting that the film
defects and carrier annihilation sites are effectively reduced
for PVK after PV-I treatment. The improved PL intensity and
carrier lifetime can be due to the improved film quality.

PL and TRPL with the structures of FTO/SnO2/PVK and
FTO/SnO2/PV-I/PVK were also measured, which is helpful to
further understand the kinetic process of interfacial charge
extraction for the PSCs without or with PV-I. As shown in
Fig. 4c, the PL intensity of the perovskite films deposited on
FTO/SnO2/PV-I was reduced compared with that of films de-
posited on FTO/SnO2. Carrier lifetime was also evaluated by
TRPL, and the results are shown in Fig. 4d and Table S2.†
After PV-I modification, the carrier lifetime of the control film
is 166.9 ns, while that of the target film is 114.7 ns. The
weaker PL intensity and shorter carrier lifetime prove that the
PV-I-modified device can exhibit better carrier extraction and
transmission performance. Fig. S6† shows the relationship
between the light intensity and the open voltage (VOC), and the
ideality factor (n) derived from the slope of the correlation
curve can reflect the nonradiative recombination of the
device.29 Generally, the closer n is to 1, the smaller the loss of
non-radiative recombination for the device. It can be found
that n decreases from 1.86 for the control device to 1.44 for the

Fig. 3 GIXRD spectra of the perovskite film deposited on (a) FTO/SnO2 and (b) FTO/SnO2/PV-I. Pole figure measurements along the (001) facet (c)
with and (d) without PV-I modification.
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Fig. 4 (a) PL and (b) TRPL spectra with the structure of glass/(PV-I)/PVK. (c) PL and (d) TRPL spectra of the perovskite films deposited on FTO/SnO2

without and with PV-I modification.

Fig. 5 (a) Statistical distribution diagram of the PCE for the devices without and with PV-I modification. (b) J–V curves of the champion devices
without and with PV-I modification. (c) IPCE as a function of monochromatic wavelength recorded for PSCs based on reference and target devices.
(d) Long-term stability of the unencapsulated devices modified without and with PV-I aged under a relative humidity of 30–35% at room tempera-
ture under air conditions.
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target device, which proves that the loss of non-radiative
recombination can be inhibited after PV-I modification.

Significant non-radiative recombination suppression and
improved film quality encourage us to further explore device
performance. The performance of the devices prepared with
different concentrations of PV-I was evaluated, as shown in
Fig. 5a and Fig. S7.† There is an obvious increase in the PCE
as the concentration of PV-I increases. The best PCE of PSCs
was obtained when the concentration of PV-I was 0.5 mg ml−1.
Fig. 5b shows the J–V curves of the PSCs with and without PV-I
modification. Compared with the champion control device
with a PCE of 19.41% (a JSC of 23.73 mA cm−2, a VOC of 1.05 V,
and an FF of 0.774), the champion devices with PV-I achieved
a PCE of 22.02% (a JSC of 24.69 mA cm−2, a VOC of 1.11 V and
an FF of 0.802). In order to verify the feasibility of this strategy,
we further prepared devices in Hou’s lab, and the results
showed that the efficiency exceeded 22%. Fig. 5c shows the
corresponding incident photon-to-electron conversion
efficiency (IPCE) spectra of the best-performing control device
and PV-I modified device. The integrated current densities of
the control device and the target device are 23.44 mA cm−2

and 24.47 mA cm−2, respectively, which are in good agreement
with the J–V characterization. Long-term stability was further
measured to evaluate the potential commercial advantages of
the strategy proposed in this work. As shown in Fig. 5d, the
unpackaged device was placed in an air environment with a
relative humidity of 30–35%. After aging 500 h, the control
device drops to 41%, while the champion device drops to only
19%. Fig. S8† shows the photostability of the devices with or
without PV-I modification placed under one sun illumination
where the devices were located in a glove box. After being
maintained for 100 h, up to 89% of its original PCE was main-
tained for the device with PV-I, whereas this was only 80% for
the control device. The enhanced PCE and improved stability
are mainly due to the improved film quality and the reduction,
which reduce the attack sites of water and oxygen, thereby
slowing down the aging of the device.

Conclusions

In conclusion, a novel buried interface molecule named PV-I
was used to modify the interface between perovskite and SnO2,
and PV-I acts as a bridge to improve the interface connection.
At the same time, the strong chemical effect reduces the film
defects of SnO2 and the perovskite, which is beneficial to
carrier transport. On the other hand, due to the characteristics
and multifunctional groups of PV-I, the interfacial stress of the
perovskite film is not only released effectively but also oriented
more obviously, which is also beneficial to the transport of the
carrier. Finally, the PCE of PSCs modified with PV-I improved
over 22% (0.1 cm2) and the stability of the device has also
been significantly improved. This work not only provides an
effective method to improve the PCE and stability of PSCs but
also gives a straightforward strategy for the commercialization
process.
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