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Stannic Oxide with Self-assembly L-Cysteine Layer
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Abstract

Perovskite solar cells (PSCs) with stannic oxide (SnO,) electron transport layer (ETL) still face the challenge of low efficiency
with serious hysteresis due to the nonradiative recombination at the SnO,/perovskite interface. Herein, a self-assembly
modification layer with multifunctional properties using L-Cysteine (Cys) is applied to solve the above issues. Through
applying this novel self-monolayer between SnO, and perovskite film, the trap state is greatly alleviated as well with an
enhanced charge extraction. In addition, the naked -NH; and sulfur atom of this monolayer will affect the crystallization
dynamics of perovskite film, resulting in an improved film quality. Compared with the control device with a power conversion
efficiency (PCE) of 18.55%, the monolayer contacts engineered device shows a significantly increase PCE over 21% along with
negligible hysteresis. More interestingly, monolayer contacts engineered PSCs exhibit superior stability that over 90% of its
initial PCE remains after stored at 50% relative humidity for 50 days. This work provides a promising method to fabricate

planar n-i-p perovskite devices with high efficiency, stability, and repeatability.
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1. Introduction
Organic-inorganic metal halide perovskite solar cells (PSCs)
have attracted worldwide attention due to their excellent
photoelectric properties and low manufacturing costs. Owing
to the continuous optimization of the perovskite composition,
film quality and device structure, the certified efficiency has
increased from 3.8% to 25.7% in just over a decade.l*?
However, PSC is still affected by non-radiative loss from
interface or bulk trap state.>4 It is considered that interface
carrier recombination is one of the main factors of energy
loss.Bl The interface energy loss caused by energy level
mismatch, non-ideal contact and interface defects will cause
massive charge accumulation, which will lead to the
degradation of device performance.5 In addition, the serious
current-voltage (J-V) hysteresis and poor device stability are
also related to energy level mismatch and carrier
recombination at the interface. Therefore, improving charge
extraction at the interface is crucial to minimize energy loss
and improve the device performance.

In order to reduce the interface defects, many interface
modification strategies have been proposed, such as fullerene
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and their derivatives, carbon quantum dots and lithium salts
are used for doping or surface modification.'*¢l In addition,
Wang et al. reported that RbF can be mixed into stannic oxide
(SnO») colloidal dispersion as an additive. The F-Sn bond
changes the electron cloud density around Sn and improves
the electron mobility of SnO,. This reduces voltage loss, at the
same time, eliminates the hysteresis phenomenon.[*’ Facchetti
and his co-workers have reported that SnO; electron transport
layer (ETL) modified by non-conjugated small-molecule
zwitterion electrolyte not only passivates the SnO/perovskite
interface, but also passivates the defects of perovskite from
bottom to top. The benefit of this is further improving charge
separation, increasing open circuit voltage and suppressing
hysteresis phenomenon.[*®! These results indicate that doping
and interface modification are effective strategies for
passivating SnO,/perovskite interface defects and accelerating
charge transport to obtain high performance PSCs.

In this work, we introduced Cys onto SnO, surface and
studied its impact on photovoltaic property of PSCs. There are
three reasons for choosing Cys as a passivation material:
Firstly, the passivation molecule can firmly combine with ETL.
Here, Cys molecule firmly anchored on the SnO surface by
forming new bond (condensation of -COOH in Cys and -OH
on SnOy). Secondly, -NH; in Cys can induce the perovskite
crystallization and promote the formation of large grains.
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Thirdly, the passivation layer increases surface wettability of
SnO; film. Previous studies have shown that, the more
hydrophilicity of ETL, the lower Gibbs free energy (G) of
heterogeneous nucleation, which makes it easier to get
perovskite films with big grain.'! Therefore, the highest
power conversion efficiency (PCE) of PSC with structure of
ITO/SnO,-Cys/Perovskite/Spiro-OMeTAD/Au reached PCE
of 21.07%, which is significantly higher than that of control
devices (18.55%). The stability of the passivated devices has
also significantly improved and the details will be discussed
in the following sections.

2. Results and discussions

Molecular structure of Cys as shown in Fig. 1a, containing a
carboxyl group (-COOH), a sulfur atom (S) and an amino
group (-NHy). These chemical group let Cys a potential
candidate for interface modification of SnO, ETL. The -
COOH can condense with -OH of SnO> surface to block the
polar group (Fig. la). The -NH2/S can form adducts with
negatively/positively charged trapped states to passivate
surface traps of perovskite. Surface electrostatic potential of
Cys is analyzed by density functional theory (DFT) method,
as shown in Fig. 1a, S/-NH; lays in negative/positive potential
region, which can coordinate with uncoordinated Pb*" or
halogen. The strong electron donating group on Cys is helpful
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to enhance the electron density in the negative potential region,
and can significantly improve the reactivity of C=0 group in
Cys. As crystal growing substrate, ETL has important effect
on perovskite crystallinity and morphology. We further
investigated the influence of Cys monolayer on perovskite
films. Mixed cationic perovskite was prepared on different
ETLs by one-step spin-coating method (chlorobenzene as anti-
solvent), the process as shown in Fig. 1b. Details for
perovskite fabrication are provided in the experimential
section (Supportting Information). The Cys assisted
crystallization process as shown in Fig. 1b. Cys is strongly
anchored on the SnO, surface through Sn-O-C bonds to form
both an effective barrier to reduce the damage of perovskite by
polar groups on the SnO; surface, and form a bridge between
perovskite and ETL to realize effective charge transfer.
Furthermore, the S atoms and -NH; in Cys combine with Pb**
or other negative/positively charged trap states, forming a
Lewis adduct to passivate surface defects. Therefore,
perovskite crystallization rate reduced, and high-quality thin
film with big grain were prepared. Notably, the grain size of
control is much smaller than that of perovskite on SnO»-Cys,
and this is proposed to be caused by the monolayer of Cys on
surface of SnO,, which will be further confirmed and
discussed in the next section.
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Fig. 1 (a) Molecular model and schematic diagram of Cys binding on the SnO surface (Top), electrostatic potential profile
of Cys(bottom). (b) Illustration of perovskite preparation process and crystals growth induced by the interfacial Cys. (¢)
Monitoring the adsorption of Cys on SnO; by quartz crystal microbalance. (d) Schematic diagram of vibration frequency

variation of quartz crystal microbalance.
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To investigate the process of Cys adsorption on SnQO», the
binding of Cys molecules on SnO, was monitored by quartz
crystal microbalance (QCM) in real time. The results are
shown in Fig. 1c. The process is that Cys was injected into
SnO; layer at a point A, which results in a rapid decrease in
the vibration frequency until equilibrium is achieved (See Fig.
1d). In this process, with injection time increase, the vibration
frequency becomes lower, while frequency decreasing speed
becomes slower, which indicates that Cys molecules gradually
reach adsorption/desorption equilibrium at the solid-liquid
interface. It should be noted that the equilibrium at this time is
dynamic equilibrium. If Cys solution is stopped or replaced by
other solution, the equilibrium will be broken. When
deionized water injected at point B (Fig. 1c), the original
equilibrium is broken, and the weakly bound Cys molecules
are washed away. During the rinsing process, parts of weakly
bound Cys desorb from SnO,. Therefore, at point B, the
vibration frequency rises again, finally tends to be stable.
Vibration frequency variation AF1 and AF2 represent
strongly/chemically and weakly/physically bound Cys,
respectively. In order to more intuitively observe the
adsorption of Cys on SnO;, the change of SnO; during
adsorption/rinsing process were calculated by Sauerbrey
formula.?%2 As shown in Fig. S1, the mass of SnO» changes
with the increase of adsorption/rinsing time. The mass change
of SnO, with different Cys concentrations as shown in Fig. S2.
As shown in Fig. S2, increasing the concentration of Cys (0.5

to 1.0 mM), the equilibrium adsorption capacity also increases.

Equilibrium adsorption capacity remained unchanged when
the concentration increased continuously (1.0 to 2.0 mM).
Therefore, 1.0 mM Cys is enough to make a saturation
adsorption of the SnO» surface. The results of QCM proved
that Cys can strongly adsorb on SnO,. We believe that SnO,
surface contains hydroxyl (-OH) and carboxyl groups (-
COOH), which can bind to the Cys molecules.

The binding of Cys and SnO, was confirmed by fourier
transform infrared (FTIR) spectroscopy. In Fig. 2a, a strong
peak locate at 3410 cm™! assigned to characteristic peak of O-
H bond. FTIR spectra for Cys in Fig. S3 shows a characteristic
peak at 1670 cm™, which belongs to C=O (stretching
vibration). After Cys combined on SnO,, C=0 peak value shift
significantly to lower wave number (1654 cm™), indicating
that SnO; (-OH) interacted with Cys (-COQO"). In addition, as
shown in Fig. S4, the change of contact angle before and after
treatment is very obvious (from 25.1° down to 16.2°), which
further confirms the existence of hydrophilic molecules, Cys,
on SnO; surface. Small contact angle indicates that the surface
hydrophilicity of SnO; is improved upon Cys treatment. This
decreases nucleation free energy, which is helpful in obtaining
compact and flat perovskite films.[?2 In order to observe the
morphology change of SnO, caused by Cys passivation layer,
the surface was studied by AFM, results are shown in Fig. S5.
In comparison of the control, SnO-Cys is smoother with a Rq
of 132 nm (Control group, Re= 2.87 nm), which is
instrumental in growth high quality perovskite grains.[?24 The
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preparation process of Cys passivation layer in detail is shown
in the experimental section (Supporting Information). SnO-
thin films were immersed in aqueous solution containing Cys
molecules for 30 min and then rinsed with ultra-pure water,
followed by the baking at 100 °C for 0.5 h. As shown in Fig.
2b, Cys was anchored on SnO; surface by carboxylic group (-
COOR). It is worth noting that the sulfur atoms, amino groups
and carboxyl groups exposed on the surface of SnO,-Cys play
a positive role in crystallization process of perovskite owing
to the lewis acid-base interaction between these functional
groups and undercoordinated Pb and the other
negative/positively charged trap states.®

First principle calculation was carried out to deeply
understand the atomic structure of SnO;-Cys/CsFAMA
interface. In order to simplify the calculation, atomic ratio
(FA/MA and I/Br) in perovskite crystals have been treated
approximately. Considering the small content of Cs, Cs atoms
are not included in the model. Fig. 2c shows a strong
interaction between S of Cys and Pb of CsSFAMA to form Pb-
S bond. This interaction does not significantly change the
structure of perovskite crystal. More importantly, Pb-S bond
can effectively reduce the formation of deep level traps of
perovskite and improve the chemical stability of it. As shown
in Fig. S6, the SnO,/CsFAMA film placed in the dark air for
50 days decomposes seriously, while the SnO,-Cys/CsFAMA
film decomposes slightly (Temperature = 25 °C, Relative
Humidity=50%).

The XPS spectra of SnO, and SnO,-Cys films are shown
in Fig. 2d. To eliminate surface charge, silicon substrates were
grounded through silver paste. After washing with deionized
water, the peak corresponding to N, S elements still exist (Fig.
2d and Table S1), which indicates that Cys is successfully
bound to the SnO, surface. This is consistent with QCM and
FTIR. In addition, in high resolution XPS, the peak positions
of Sn 3d and O 1s were shifted after Cys modification (Fig.
S7), which further proved that Cys molecules were bound to
SnO,. Energy dispersive spectrometry (EDS) (Fig. S8) also
proved existence of S, N on SnO»,-Cys film. The transmission
spectra of ITO/SnO; and ITO/SnO,-Cys as shown in Fig. 2e.
These samples show a good transmittance in the visible region
(400~800 nm). Transmittance of the SnO;-Cys has no
significant decrease, indicating that the absorption loss of the
passivation layer of Cys can be ignored. Therefore, both SnO,
and SnO»-Cys films are expected to have a good optical quality.
The effect of Cys on energy levels of SnO, was further
analyzed by UV-vis absorption and XPS measurements (Fig.
S9). The minimum conduction band (CBM) of bare SnO; is
7.75 eV, while the CBM of SnO»-Cys can be adjusted to 7.71
eV, which is more closer to the CBM of perovskite layer. The
matched energy levels between SnO,-Cys and perovskite can
promote the effective charge transfer at interface, reducing the
charge accumulation and carrier recombination.

Electron mobility is an important index to evaluate ETL in
PSCs. The electron-only device fitted with the Mott-Gurney
law was used to evaluate electron mobility (i) of ETL films. !
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Fig. 2 (a) FTIR spectra of SnO, and SnO,-Cys films. (b) Schematic illustration of Cys at the interface between SnO, and perovskite.
(c)Interfacial bonding interaction at the SnO,/CsFAMA interface.(d) XPS spectra of ETLs, for which the peaks of Sn 3d, N 1s, O s,

S 2p are marked. (e) Optical transmission spectra of ITO/SnO, and

ITO/Sn0O,-Cys samples. (f) Electron mobility of SnO, and SnO,-

Cys films (device structure: ITO/AI/ETL/Al). (g) J-V curvesfor evaluating the conductivity of SnO, and SnO,-Cys films (devices

structure: ITO/ETL/AI).

As shown in Fig. 2f, the . of SnO; or SnO,-Cys films can be
obtained by the Equation (1). The electron mobility of SnO»-
Cys is 1.42x1073 cm?v™'s™!, which is significantly larger than
that of control (7.09x10~* cm?v !s™").

[y = s (1)
€ 950£(Vapp_Vr_Vbi)z
where L is the thickness of SnO, or SnO,-Cys films, & and ¢
are the vacuum permittivity and relative dielectric constant,
Vapp> V1, and Vi are the applied voltage, the voltage drop and
the built in voltage (compared with Ve, V- and Vi are very
small and negligible), J and . are current density and electron
mobility. The increase of u. indicates that introduction of Cys
can effectively promote the electron transport of the ETL,
which is conducive to charge transport in PSCs. We fabricated
a device with structure of ITO/ETL/Al to measure the
conductivity difference of ETLs. Fig. 2g show that the
conductivity of SnO,-Cys increases significantly. The
significant increase of conductivity in the ETL does promote
the carrier transport in devices, reduce interface carrier
accumulation, thus improving the performance and
suppressing the hysteresis.

Quality of photoactive layers, including perovskite grain
size, film crystallinity, and the surface coverage, is a very
important factor affecting properties of PSCs. The SEM
images of the mixed-cation perovskite spin-coated on different
ETLs are shown in Figs. 3a-b. It is obvious that both films with
disorderly connected grains, are pin-hole free, smooth and
compact. However, most of the grains on SnO,-Cys are
obviously larger than those on SnO,. The histogram of grain
size is shown in Fig. S10. Grain size of perovskite on the
SnO,-Cys and SnO; films are about 700 and 420 nm in

© Engineered Science Publisher LLC 2022

average, respectively. AFM images of perovskite films on
Sn0,-Cys (Fig. S11) also show smaller root mean square
(RMS) values and larger domains than those on SnOa,
demonstrating that surface defects and the surface potential
fluctuations of SnO,-Cys are reduced.?1In the Fig. S12, the
contact angle of perovskite precursor solution dripped on
Sn0,-Cys is = 5.1° which is smaller than that on SnO» (=7.1°).
This indicates that SnO,-Cys thin films rich in amino and
sulfur atoms have smaller surface energy and better interfacial
wettability for the perovskite precursors. It is well known that
the lower Gibbs free energy in heterogeneous nucleation
contributes to the nucleation of perovskite.?2 Therefore, the
monolayer, Cys, rich in amino and carboxyl groups on SnO»-
Cys can increase perovskite grain size and crystallinity, as
shown in SEM and AFM results. The coordination bond slows
down crystallization rate and promotes the formation of large
grains. The UV-Vis absorption results of perovskite are shown
in Fig. 3c. The increased absorption of SnO,-Cys/perovskite
can be attributed to big grains caused by Cys monolayer. XRD
patters of the perovskite films in Fig. S13 show the
characteristic diffraction peaks of perovskite phase. Compared
with SnOo/perovskite film, the enhanced diffraction peak
intensities of SnO,-Cys/perovskite, indicating that Cys
contributes to the improved crystallinity of perovskite.* The
effect of Cys on the charge recombination dynamics between
ETL and perovskite were further investigated by steady state
photoluminescence and time-resolved photoluminescence.
Photoquenching of perovskite films grown on SnO»-Cys is
more effective than that on bare SnO,, as shown in Fig. 3d,
which indicates that the Cys passivation layer enhances
electron extraction and reduces charge recombination.

Eng. Sci., 2022, 20, 180-187 | 183
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Fig. 3 SEM images of (a) SnO,/perovskite and (b) SnO,-Cys/perovskite. Absorption spectrum (c), steady state photoluminescence
(d) and time-resolved photoluminescence () spectra of perovskite films. (f) -V curves with V7 kink points (measured in dark). The

electron-only device structure shows in inset.

Compared with the control, PL peak of SnO,-Cys/perovskite
films showed a blue shift of 5 nm, indicating that the defect
sites were passivated by lewis acid-base reaction. The TRPL
shows in Fig. 3e, which is fitted with the functions Equation
(2), fitting results are shown in Table S2.

f(©) = Arexp(=7) + Azexp(= ) +¥o )

The 7; and 7, are ascribed to the charge transfer at interface
(ETL/perovskite) and charge radiative recombination in
perovskite film, respectively.FY Shortening of 7; (from 15.36
to 4.26 ns) indicates faster carrier extraction charge from
perovskite to Cys-SnO> ETL. This can be attributed to the
more matched energy levels between SnO,-Cys ETL and
perovskite (Fig. S14). The slow decay lifetime 72 increases for
SnO,-Cys/perovskite (from 64.75 to 114.32 ns) indicates Cys
monolayer reduces recombination rate in bulk perovskite. The
main reason for decrease of nonradioactive recombination is
the large grain size and less grain boundary. High quality
perovskite films suggest low trap density and excellent
photoelectric properties. To estimate trap density in bulk
perovskite, SCLC was applied to electron-only devices
(ITO/ETL/perovskite/PCBM/Ag) to quantitative obtain n, of
perovskite films on different ETL. The device shows a linear
relationship under low bias, as shown in Fig. 3f. With the
increase of bias, traps are filled continuously, and the current
injection increases significantly until V'zp; is reached. The n;, is
calculated by Equation (3).[2%1

_ ZEEOVTFL
== 3)
where e, e/ep and L are the electron charge number,
vacuum/relative permittivity and perovskite film thickness,

respectively. The n, are calculated to be 3.7x10'5 and 2.9x10'3

t
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cm™ for SnO, and Sn0,-Cys samples, respectively. We further
compared the Urbach energy (Eu) of perovskite films, which
provides important information about the disorder of shallow
level electrons.**%1 The results are shown in Fig. S15.
Compared with control, Ey value of the SnO,-Cys sample is
smaller, which indicates that trap density based on the SnO»-
Cys is lower, which is consistent with the above calculation
results and TRPL results. Dark current of SnO,-Cys based
devices is lower than that of control (Fig. S16), which further
confirms that perovskite grown on SnO,-Cys has lower trap
density.

In order to determine how Cys enhance the performance of
PSCs, we have prepared a series of mix-cation PSCs based on
different ETLs. As shown in Fig. 4a, device with architecture
of ITO/ETL/perovskite/Spiro-OMeTAD/Au. The photovoltaic
parameters of 40 independent devices for SnO,-Cys and
control are shown in Fig. S17, after passivation, the voltage
distribution of the device more narrower. The increase of Voc
and FF leads to the improvement of PCE. The cross-sectional
SEM image of the device is shown in Fig. 4b. It can be seen
from the thickness of each layer that perovskite grains big
enough to go through the whole film. Fig. 4c shows J-V curves
of champion cells under one standard simulated sunlight. The
device based on SnO; reaches a highest efficiency of 18.55%
witha V,.of 1.08 V, aJc 0f 21.97 mA cm™, and a FF of 77.6%
from the reverse scan. When Cys is introduced on the SnO,,
Voe, Jse, and FF are increased to 1.15 V, 23.26 mA cm™, and
78.51%, respectively, reaching a PCE of 21.07%. Fig. 4d
shows the IPCE spectrum. Integral Jsc of control and SnO»-
Cys based device are 20.13 and 21.52 mA cm™, respectively,
which is very consistent with Jsc value measured by J-V. It has
been reported that the hysteresis phenomenon may be caused
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Fig. 4 (a) Structure diagram of mixed-cation PSCs. (b) The cross-sectional SEM image of planar PSCs. (c¢) J-V curves of champion
solar cells. (d) IPCE curves and integrated current density of the two devices. (e) J-V curves of forward and reverse scans. (f) Stability

of PSCs based on the SnO; and SnO,-Cys.

by charge/ion carriers, ion trap state migration and trap density.
J-V hysteresis is usually evaluated by hysteresis index
(HI=PCE:everse-PCEforward)/PCEreverse). HI of SnO, and SnO»-
Cys based devices are 3.36% and 0.64%, respectively (Fig. 4e).
Therefore, the devices assembled by SnO,-Cys exhibit small
hysteresis, indicating a substantially reduced trap-assisted
recombination, which could be attributed to a larger grain size
and lower trap density, leading to efficient charge extraction
and corresponding suppressed charge recombination.[37-38
This observation was also verified by the results of
electrochemical impedance spectroscopy (EIS) measurements,
for which SnO;-Cys-based device possessed a large
recombination resistance (Fig. S18 and Table S3), indicating
that Cys nomolayer reduces interfacial carrier recombination.
Transient photovoltage (TPV) is an important technique to
study carrier lifetime and carrier recombination dynamics.[°4%
We measured the TPV decay to characterize the charge
lifetime of the control and SnO,-Cys based devices (Fig. S19).
The TPV decay lifetimes of the SnO»-Cys based device (12.3
us) is much longer than the control (6.29 us for the SnO; based
device). The longer lifetime indicates that the process of
interfacial charge recombination is slowed down for the SnO»-
Cys based PSC, which is consistent with the PL. and TRPL
results. As discussed above, Cys nomolayer not only induces
the formation of big grains, but also improves the efficiency
of PSCs. The reduction of grain boundary and interface defects
can prevent the invasion of water and samples, and then
enhance the stability of the film. For solar cell device, stability
is also a key indicator for commercial application. Therefore,
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the stability test is conducted to observe the long-term stability
of the devices in air conditions. Fig. 4f shows the relationship
between normalized PCE and storage time. The device based
on SnO»-Cys maintains 90% of its initial efficiency even after
50 days in an ambient dark atmosphere (T~25°C, H=50%) .
On the other hand, the control device only maintains 68% of
its initial efficiency under the same storage condition.

3. Conclusions

In conclusion, we propose an effective passivation method to
change the electronic properties of SnO, ETL and passivate
the interface of ETL/perovskite. Cys molecule is firmly
anchored onto the SnO; surface by Sn-O-C bond. The exposed
-NH; and S of Cys induces the formation of big grain
perovskite. Higher electron mobility and lower electron trap
in the passivated SnO, ETL improve the electron extraction
rate and reduce interface carrier recombination. At the same
time, perovskite with big grain exhibits excellent optical
absorption and less grain boundary density. The champion
PCE as high as 21.07%, and the device maintains 90% of its
initial performance in the atmospheric environment after 50
days. The application of SnO; surface passivation engineering
in plane n-i-p devices is an effective way to enhance the
performance and long-term stability of PSCs.
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