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Tin oxide (SnO,) is widely used as electron transport layer (ETL) material in perovskite solar cells (PSCs).
Numerous synthesis methods for SnO, have been reported, but they all require a proper thermal
treatment for the SnO, ETLs. Herein we present a simple method to synthesize SnO, nanoparticles (NPs)

at room temperature. By using butyl acetate as a precipitator and a proper UV-Ozone treatment to
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Accepted 15th March 2019 remove Cl residuals, excellent SnO, ETLs were obtained without any thermal annealing. The highest

power conversion efficiency (PCE) of the prepared PSCs was 19.22% for reverse scan (RS) and 18.79% for
forward scan (FS). Furthermore, flexible PSCs were fabricated with high PCEs of 15.27%/14.74% (RS/FS).
The low energy consuming SnO, ETLs therefore show great promise for the flexible PSCs' commercialization.
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Introduction

Recently, hybrid organic-inorganic metal halide perovskites
have been regarded as prospective materials in the photovoltaic
field due to their outstanding photovoltaic properties, ease of
fabrication, moderate band gap, etc."™* Perovskite solar cells
which employ perovskites as light absorption layers have
developed rapidly since they were first reported in 2009.° The
PCE of PSCs grew up from 3.8 to 23.7% in less than 10 years.>™
The typical device includes a transparent conductive layer, an
electron transport layer (ETL), a light absorption layer (perov-
skite), a hole transport layer and a back electrode. Since Snaith
et al. first reported a planar heterojunction PSC in 2013,"* it has
received more and more attention due to its simpler structure
compared to the mesoporous structure. This makes it possible
to involve low temperature processed ETLs. Many kinds of n-
type semiconductors can be used as ETLs.”" Among the
candidates, SnO, exhibits salient features, such as wide optical
band gap (3.6-4.0 eV), good transparency, high mobility up to
240 cm® V! s, excellent chemical stability, and easy low-
temperature preparation.’®?” There have been many reported
processes for preparing SnO, ETLs, embracing spin-coating,* ¢
slot die coating,”” atomic layer deposition,*®** chemical bath
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deposition,**** sol-gel method,*>* etc. Besides, all methods
above require a proper temperature treatment in the fabrication
process or post-treatment, and sometimes even involve a high
temperature annealing. High temperature processes not only
cost extra energy, but also restrain the use of flexible plastic
substrates (such as PET-ITO).**** It is of no doubt that a low
temperature process is vital for the commercialization of flex-
ible PSCs.

SnO, NPs have been synthesized via a low temperature
process by ultrasonic-assisting®” or introducing thiourea as an
additive in precursor.*® However, they still cannot avoid
a proper annealing treatment for the prepared SnO, film to
remove the additive and induce good connections between
nanoparticles. Herein we develop a simple sol-gel method to
prepare uniform SnO, NPs at room temperature. Furthermore,
the prepared SnO, ETLs work well without any thermal
annealing. The PSCs made with annealing-free SnO, ETLs
achieved a high PCE of 19.22% by using a mixed cation perov-
skite absorber* (KCsFAMAPDbI,Br; ,, where FA: formamidine,
MA: methylamine). In addition, the corresponding flexible PCSs
obtained a PCE of 15.27%. The SnO, NPs via such a simple
thermal-free process allow them to be a promising ETL material
in the potential commercial application.

Results and discussion

In order to synthesize SnO, NPs, anhydrous SnCl, was dissolved
in deionized water under the circumstance of ice water bath.
The concentration of SnCl, solution was 0.01 M, 0.03 M, 0.05 M,
0.075 M, and 0.1 M, respectively. All solutions were kept under
room temperature. The solution became translucent in varying
degrees with time. 0.01 M, 0.03 M and 0.05 M solutions turned
into semi-transparent after 20 min, 60 min and 100 min,

This journal is © The Royal Society of Chemistry 2019
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respectively. Whereas 0.075 M and 0.1 M solutions took a much
longer time (more than 400 min and 28 hours, respectively) to
reach this state. The change of the different SnCl, solutions
with time is shown in Fig. S1.f This demonstrates that the
kinetic process of the hydrolysis of SnCl, can be regulated by
different concentrations of SnCl, aqueous solution. To further
study the kinetics of the hydrolysis, the 0.05 M SnCl, solution
was characterized with time break of 0 min, 50 min, 100 min
and 150 min, labelled Sn-0, Sn-50, Sn-100 and Sn-150, respec-
tively. Fig. 1a shows that the Sn-0 is transparent while the Sn-
100 is translucent. However, the Sn-150 is nearly opaque. A
Tyndall effect can be observed when a laser beam goes through
the solution (Fig. 1a). With the time increases, the Tyndall effect
becomes clearer. However, the Sn-150 contains too many
colloids. Thus, the Sn-100 is chosen for the late use. The Raman
spectra of the Sn-0 to Sn-150 indicate the presence of SnO, NPs
(Fig. S2at). The peak of ~478 cm™' belongs to the SnO, E,
Raman active optical modes. The Raman spectra also prove the
amount of SnO, NPs accumulating with the hydrolysis time.

To collect SnO, NPs, isopropanol (IPA) was used as
a precipitator. After washing, the SnO, NPs were finally
dispersed in ethanol. Transmission electron microscopy (TEM)
was employed to examine the structure of the SnO, NPs. Fig. 1b
shows the typical TEM image of the Sn-100 derived SnO, NPs
with grain sizes below 5 nm. The polycrystalline feature of the
Sn-100 was revealed by the electron diffraction rings (Fig. 1b
inset). In addition, the corresponding X-ray diffraction (XRD)
spectrum of Sn-100 (Fig. 1c) further confirms the presence of
the SnO, nanocrystals. The XRD spectra of Sn-0, Sn-50, Sn-100
and Sn-150 NPs are shown in Fig. S2b,t indicating that the
crystallinity increases with the hydrolysis time.

To fabricate ETLs, the Sn-0, Sn-50, Sn-100, Sn-150 NPs were
spun coating onto FTO glass respectively. All the ETLs dried at
room temperature without annealing. Then the perovskite film
and spiro-OMeTAD film were sequentially deposited by spin
coating. Finally, gold was deposited onto the spiro-OMeTAD
layer as a back electrode. The cross-sectional SEM image of
the device structure is shown in Fig. 1d. Fig. 1e shows the J-V
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Fig.1 (a) Photos of 0.05 M SnCl, solutions kept at room temperature
for 0 min, 50 min, 100 min, and 150 min, from left to right, respectively.
(b) TEM and electron diffraction images of Sn-100 SnO, NPs. (c) XRD
of Sn-100 NPs powder, dried at room temperature. (d) Schematic and
cross-sectional SEM image of a typical PSC device. (e) J-V curves of
PSCs based on Sn-0, Sn-50, Sn-100, and Sn-150 ETLs.
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curves of the PSCs, the corresponding photovoltaic character-
istics are listed in Table 1, and the distribution of the charac-
teristics is shown in Fig. S2c.f The Sn-100 has an excellent
performance with an average PCE 17.87% for reverse scan (RS),
while the Sn-0 has a very poor average PCE of 0.32% (RS). It is
found that the longer hydrolysis time promotes the higher
short-circuit current density (Jsc) output. However, if the
hydrolysis time goes over 150 min, the J. starts to decrease. To
find out the cause, the transmittance of SnO, ETLs were firstly
tested by Ultraviolet-visible spectroscopy (UV-Vis) (Fig. 2a).
Although the Sn-100 ETL shows a little higher transmittance
than Sn-0, the big difference in Js. should not be ascribed to it.
The electrical conductivity of the ETLs (Fig. 2b) was then
measured. The conductivity of the Sn-0 film is extremely poor,
which is possibly due to too much SnCl, residual in the film.
The poor conductivity resulted in the low current and fill factor.
The Sn-100 ETL has the highest transmittance and conductivity
among these ETLs. Therefore, the Sn-100 device has the highest
PCE. To find out how the charge extraction property at the SnO,
ETLs/perovskite interface, the steady photoluminescence (PL)
and time-resolved photoluminescence (TRPL) measurements
were performed. The PL spectra (Fig. 2c) indicate longer
hydrolysis time induced a better charge extraction ability of the
prepared SnO, ETLs, which is further confirmed by the TRPL
spectra (Fig. 2d). It should be pointed out that Sn-100 and Sn-
150 show quite similar PL properties. Further study of SnO,
ETLs about Cl element remnants was carried out by X-ray
photoelectron spectroscopy (XPS) as shown in Fig. 2e. The
spectra clearly indicate the presence of SnO,. Furthermore, it
could be found that with the longer reaction time, less Cl resi-
dues in the ETLs as Sn-100 and Sn-150 films have a much lower
Cl 2p peak (2p spin-orbital split ps/, and py, (ref. 40)) intensity.
The residual ClI™ on the surface leads to partial decomposition
of perovskite.”® The XRD of the perovskites validates the Pbl,
existence (Fig. S2df). Compared to the perovskite films
prepared on FTO directly and SnO, ETLs, the major distinction
is the residue of Pbl,, weaker peak intensity of PbI, for perov-
skite film on FTO. The scan electron microscope (SEM) images
show the SnO, films and perovskite films (Fig. S3a-ht)
morphologies and microstructures. The SnO, film prepared by
the Sn-0 NPs have pinholes, the Sn-50 film has reduced and
smaller pinholes, and both Sn-100 and Sn-150 films show
perfect morphologies without pinholes. All the films comprise
compact large perovskite grains, in spite of the existence of the
light coloured Pbl, grains.

The J-V characteristics show there is still hysteresis of PSCs.
It has been reported that the UV-Ozone (UVO) treatment for
SnO, film can effectively reduce the hysteresis.** The Sn-100 NPs
films were then treated with the UVO by different times, from
5 min, 10 min and 15 min, respectively. Table S11 and Fig. 3a
show the parameters as well as the J-V curves of the treated
PSCs. Apparently, all the treated devices have depressed
hysteresis to less than 1% and the J,. rises universally. XPS
spectra of Cl 2p spin-orbit (Fig. 3b) show that the peaks related
to Cl 2p ps/, and py/, disappear after the UVO treatment, indi-
cating the removal of the Cl residues in the film. The Cl residues
could be attributed to the residuary SnCl, from the precursor.
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Table 1 Photovoltaic characteristics of the PSCs based on Sn-0, Sn-50, Sn-100 and Sn-150 ETLs

25 °C J-V sweep direction Voe (V) Jse (MA cm™?) FF PCE (%) R, (Q cm?) Rqp, (kQ cm?)
0 min (Sn-0) RS 1.057 1.09 0.28 0.32 744.6 0.4
FS 1.072 0.76 0.23 0.19 506.0 0.4
50 min (Sn-50) RS 1.070 20.51 0.54 11.85 16.3 1.0
FS 1.066 20.37 0.50 10.85 15.8 10.8
100 min (Sn-100) RS 1.119 21.58 0.74 17.87 5.6 0.7
FS 1.118 21.73 0.64 15.53 7.8 17.0
150 min (Sn-150) RS 1.081 20.98 0.72 16.33 6.9 9.3
FS 1.071 20.92 0.62 13.89 10.3 1.8
a b The presence of SnCl, would decrease the conductivity of the
1 " e repared ETLs. By removing the SnCl, residuals via the UVO,
< — o prep y g
g ::» osfn e the conductivity of films could increase as showed in Fig. S4.f
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Fig. 2 Properties of the of Sn-50, Sn-100 and Sn-150 films. (a)
Transmittance spectra, (b) conductivity, (c) PL spectra, (d) TRPL
spectra, (e) XPS overall spectra of SnO; film from 1200 to 0 eV, and (f)
XPS spectra of Cl 2p.
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Fig. 3 (a) J-V curves of the PSCs made from Sn-100 ETLs treated

UVO for 0, 5, 10, and 15 min respectively. XPS spectra of Sn-100 film
for (b) Cl 2p and (c) Sn 3dsz,, and Sn 3ds,. (d) XRD of the perovskite
films deposited on the Sn-100 film without/with UVO treatment.
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stay in the ETL and damage the interface of ETL/perovskite. So,
a new precipitator which is immiscible with water and can be
anti-solvent for perovskite is required to replace the IPA in order
to improve the performance further. Previously, ethyl acetate
has been employed as an effective anti-solvent for the perov-
skite.*” After investigation of methyl acetate (MA), ethyl acetate,
propyl acetate and butyl acetate (BA), BA stands out due to its
lower polarity, more hydrophobic, and less dosage as precipi-
tator. Ethyl alcohol was used as intermediate solvent to allow
ester to mix with water so that SnO, NPs can precipitate. We
used Sn-IPA and Sn-BA to distinguish IPA and BA as the
precipitant to collect SnO, NPs which were prepared from
100 min hydrolysis. All the films were treated with the UVO for
15 min. The Fig. S6a and b} show the PL and TRPL spectra of
the perovskite/Sn-IPA and perovskite/Sn-BA. It could be found
that the Sn-BA ETL could extract the electrons more efficiently
than the Sn-IPA ETL. The J-V curves along with the photovoltaic
characteristics of the champion PSCs based on the Sn-IPA and
Sn-BA ETLs are showed in Fig. 4a. The champion PCEs of the
Sn-BA based PSC are 19.22/18.79% (RS/FS), while the Sn-IPA
based devices have the PCEs of 17.97/17.26% (RS/FS). The
EQE spectra (Fig. 4b) indicate the Sn-BA based device has higher
values across all the wavelengths, resulting in an integrated
photocurrent of 22.30 mA cm™? compared to 21.09 mA cm ™2 of
the Sn-IPA based device. The power steady state current output

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Performance of the Sn-BA and Sn-IPA champion PSCs. (a) J-V
curves, (b) EQE spectra, (c) steady-state power output with the bias
voltage of 0.93 V, and (d) stability test.

of Sn-BA is 20.23 mA cm 2 with PCE ~ 18.53%, whereas Sn-IPA
is 19.85 mA cm™? at first but gradually declined to 18.26 mA
cm™? after 150 seconds as shown in Fig. 4c. To further test the
stability, all devices were stored in ambient air without encap-
sulation. The PCE of the champion Sn-BA based device grew up
6.7% (from 18.02% to 19.22%) in first 80 h then attenuated
slowly. The reason of the increase of the efficiency at the initial
stage is still uncertain, possible due to the relaxation of the ions
moving in the perovskites. Over 1500 hours, its PCE still
remained about 91.8% compared to the original value. Extra
devices were taken to conduct the test, showing the similar
trends (Fig. S7t). For the Sn-IPA based device, it kept decaying
gradually and remained 75.5% PCE after 1500 hours (Fig. 4d).

The above results have shown that an excellent process of
room temperature synthesis SnO, ETLs without annealing was
developed. Then flexible PSCs were fabricated on the Sn-BA
ETL/PET-ITO as showed in Fig. 5a-d. The highest PCE of the
flexible PSCs is 15.27/14.74% (RS/FS) with the J;. of 20.05 mA
ecm 2, close to the integrated photocurrent (18.95 mA cm™?)
form the EQE spectrum (Fig. 5a and b). After bending 600 times,
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Fig. 5 (a) J-V curves, (b) EQE spectrum, (c) bending test, and (d)
a photo of flexible PSC device.
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the PCE remained 59.26% compared to the original PCE due to
the doubled R, after so many times bending (Fig. 5c).

Conclusions

In brief, a simple strategy for synthesizing SnO, NPs was
proposed. Anhydrous SnCl, was diluted to 0.05 M and hydro-
lyzed under room temperature. BA was used as a precipitator to
collect SnO, NPs. After spin coating them onto substrate, a UVO
treatment was employed to clean Cl residual in order to reduce
hysteresis. Such ETLs do not require any further thermal
treatment. Finally, the highest PCE for rigid and flexible PSC of
19.22/18.79% and 15.27/14.74% (RS/FS) were achieved respec-
tively. Our results demonstrated an energy-efficient process to
prepare ETLs for PSCs, which is possible for further PSCs
commercialization.
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