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Lead-free tin perovskite solar cells (TPSCs) have gained prominence as a promising green photovoltaic
technology. However, the rapid crystallization of tin perovskites leads to residual strain within the film,
generating a large number of deep-level defects, which severely restrict the enhancement of power
conversion efficiency (PCE) and lifetime of TPSCs. Here, we have developed an underlayer engineering
strategy to release the residual compressive strain of tin perovskite films through the design of long-
chain alkylamines as crystallization buffer molecules, which enhanced the photovoltaic performance and
stability of TPSCs. Through tuning the backbone length of the alkylamines to modify the interface
between the perovskite and hole transporting layer (HTL), octadecanammonium iodide (ODAI) was
demonstrated to be the most effective to produce high-crystallinity and strain-free tin perovskite films.
Moreover, the released residual strain can reduce the trap state density and suppress the nonradiative
recombination in tin perovskite thin films. The resulting device with an ODAI underlayer achieved a
champion PCE of 13.82% and a voltage of 0.818 V, respectively, maintained over 92% and 88% of initial

rsc.li/frontiers-materials

Introduction

The striking optoelectronic properties, low-cost solution pro-
cess and high reproducibility of perovskite solar cells (PSCs)
have led to their tremendous development with efficiency
approaching 26%.""® However, the toxicity of lead in perovskite
materials remains a challenge that must be addressed before
commercialization.”® Tin perovskites, a substitute for lead
halide perovskites, perform better than other lead-free perovs-
kite options owing to their ideal bandgap, high carrier mobility
and favorable exciton binding energy."®'® However, tin PSCs
(TPSCs) suffer from poor photovoltaic performance and air
instability, owing to the easy generation of tin vacancies and
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PCE under continuous one sunlight illumination and 65° heating for 1000 hours.

divalent tin oxidation.'® To address these challenges, a large
number of strategies have been practiced in TPSCs, including the
design of organic amine cations for dimensionality modulation,
the application of antioxidants, the introduction of reducing
atmospheres and the improvement of interfacial properties.>*>*
As a result of these accomplishments, TPSC has grown rapidly in
recent years, and its efficiency has approached 15%.>*

Rapid crystallization is another serious impediment for tin
perovskites due to the unpredictable morphology and con-
strained grain size, which severely affects the performance and
stability of TPSCs.>> On one hand, the small grains generated by
fast crystallization are accompanied by multiple grain bound-
aries, and the accumulating imperfections at the grain bound-
aries are harmful to the carrier generation and transfer.”® On the
other hand, the non-uniform grain size increases the perovskite
interaction with water and oxygen, which influences the stability
of TPSC.>” Although considerable efforts have been devoted to
the regulation of crystallization of tin perovskite films through
solvent-, additive- and dimensional-engineering, the residual
strain caused by the fast crystallization of the tin perovskite, as
well as its impact on TPSC performance remain poorly
understood.*®** Residual strain in perovskite films can signifi-
cantly affect the photovoltaic performance by increasing the
concentration of trap states, reducing carrier mobility, and
leading to more non-radiative recombination.*>° Lattice strain
can also destabilize the perovskite crystal structure, which is
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associated with humidity, heat and light sensitivity.*® Therefore,
it is critical to understand strain formation in tin perovskites and
rational molecular design to eliminate residual strain for
improving both the efficiency and stability of TPSCs.

Previous studies have shown that the long-chain nature of
organic molecules facilitates the formation of networks at grain
boundaries, which can significantly optimize the quality and
morphology of perovskite films.**** In general, the chain
length of amine molecules has three main influences on the
perovskite films. First, alkylamine molecules can affect the
grain size of perovskite films through anchoring on colloidal
perovskite cores via amino groups. Stronger van der Waals
forces of long-chain ligands can lead to more crystal growth
inhibition.** Second, long-chain alkylamines can modulate the
orientation of perovskite crystals, and the strong van der Waals
force between the anchored long-chain alkylamines can
enhance the binding between adjacent grains and promote
the growth of perovskites in a specific direction.** Third, the
chain length determines the distribution and position of the
alkylamines, and long-chain alkylamines usually exhibit better
defect passivation effects than short-chain ones due to the
spontaneous repulsion through van der Waals forces and the
steric hindrance induced by the large molecule size.*

In this work, an underlayer engineering strategy was developed
through introducing long chain alkylamines as crystallization
buffer molecules to modify the interface between the tin perovs-
kite and hole transport layer (HTL) in inverted planar TPSCs. The
tin perovskite films modulated through octadecanammonium
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iodide (ODAI) achieved the release of residual compressive strain
and high crystallinity, which leads to reduced defect densities and
suppressed non-radiative recombination. The optimal TPSCs
with ODAI underlayers reached a PCE of 13.82% and a voltage
of 0.818 V, respectively, and maintained over 92% and 88% of
their initial efficiency after continuously illuminating and heating
for 1000 hours. Our work reveals the residual compressive strain
in tin perovskite films, providing guidance for improving the
photovoltaic performance and stability of TPSCs from the per-
spective of buried interfacial strain regulation.

Results and discussion

The device structure of TPSC is shown in Fig. 1a, where the
composition of the perovskite is FA,9sEDAg ¢1SnIz, and C60
and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) are used as the electron transport layer (ETL)
and HTL, respectively. Three long-chain alkylamines with dif-
ferent carbon backbone lengths (n) were used as an underlayer
between the perovskite and HTL in inverted planar TPSCs,
including octylammonium iodide (OAI), dodecylammonium
iodide (DDAI) and octadecanammonium iodide (ODAI) as
shown in Fig. 1b. The interactions between the perovskite
and alkylamines were first studied though X-ray photoelectron
spectroscopy (XPS). We directly deposited alkylamine mole-
cules on the surface of the perovskite film and annealed them
to mimic the real bottom interface molecular interactions.
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Fig. 1 (a) Schematic diagram of the device structure of TPSCs. (b) Three long-chain alkylamines as the buried interlayer, i.e. OAl, DDAl and ODAI. (c) and
(d) XPS spectra of Sn and | elements for the pristine perovskite and alkylamine treated perovskite. () SEM images of the tin perovskite films with and
without the alkylamine interlayer. The scale bar is 500 nm. (f) XRD spectra and (g) FWHM of the (001) crystal plane of the tin perovskite films with and

without the alkylamine interlayer.
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The binding energies of the Sn 3d and I 3d core levels of the
perovskite films with alkyl ammonium all slightly decrease in
comparison to the control ones, as seen in Fig. 1c and d. The
reduction of electron binding energy at the core level indicates
the formation of a strong interaction between the perovskite
and alkylamine interface, and is also indicative of reduction in
the oxidation state of Sn, which in turn leads to the reduction of
the oxidation state of L.**"

The morphologies of the tin perovskite film are shown in the
scanning electron microscopy (SEM) images in Fig. le. The
pristine perovskite film exhibits non-uniform crystal grain
distribution with size ranging from 50 nm to 500 nm. After
introducing long-chain alkylamines, the perovskite crystal
grain size increases, accompanied by improved uniformity.
The perovskite films deposited on the ODAI underlayer show
the largest grain size and optimal crystal grain homogeneity. In
addition to the film morphology, we also estimate the crystal-
lization of the tin perovskite films through X-ray diffraction
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(XRD). The tin perovskite films prepared using the long chain
alkylamines exhibit significantly enhanced diffraction intensity
compared to the control film, and the film on the ODAI
underlayer shows the highest peak intensity, which is consis-
tent with the morphology evolution shown in Fig. 1e. Moreover,
the full width at half maximum (FWHM) of the (001) plane in
Fig. 1g shows a gradual decline trend with the increase of the
carbon backbone length, which further proves that introducing
and increasing the length of the alkyl chain can improve the
crystallinity of tin perovskite thin films.*® The optical proper-
ties of tin perovskite films shown in the UV-vis absorption
spectra (Fig. S1, ESIt) do not display obvious difference with the
addition of the alkylamine underlayer.

To further investigate the residual strain in perovskite films,
we conducted grazing incidence X-ray diffraction (GIXRD)
measurements that utilize a small incident angle X-ray beam
to limit penetration into the perovskite films. The GIXRD
measurements were conducted by changing the incidence
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Fig. 2 Normalized GIXRD patterns of (a) the control perovskite film and the perovskite films coated on (b) OAI, (c) DDAI and (d) ODAI by varying the

incidence angle from 0° to 60°. (e) Shift of the peak position (26) as a funct
(f) Schematic illustrations of the nucleation and growth of perovskite thin fil
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angle ¢ over a fixed 20, which corresponds to the in-plane
residual strain.*® As ¢ = 0, the out-of-plane lattice distance
completely determines the X-ray beam path, disregarding the
in-plane information. When ¢ increases, the in-plane distance
contributes more to the X-ray beam path, causing the peak of
tensile strain along the in-plane direction to lower 20, while the
peak of compressive strain to higher 20.*° The (001) diffraction
peak was selected for strain studies, and the fitted values are
shown in Fig. S2 (ESIt). The GIXRD plots of tin perovskite films
with and without alkylamines are shown in Fig. 2a to d, with ¢
increasing from 0 to 60 degrees. The tin perovskite film
deposited on PEDOT:PSS shows a peak shift to higher 20 with
the increase of ¢, demonstrating that the perovskite crystals are
under compressive strain. When introducing alkylamine under-
layers, the tendency of the peak shift decreases as shown in
Fig. 2e, and a negligible shift is observed when introducing
ODAI. The decreasing slope in Fig. 2e indicates that the
compressive strain has been released with increasing carbon
backbone length.

Fig. 2f displays a possible nucleation and crystallization
mechanism of tin perovskite thin films with and without
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alkylamine interlayers. In the case of pristine or short chain
alkylamines, the tin perovskite can produce more nucleation
sites and faster crystallization speed, resulting in the formation
of mutual extrusion and compression strain between crystal
grains. In contrast, long chain alkylamines can be anchored on
the colloidal perovskite core through amino groups during the
wet film and nucleation stages. Due to the stronger van der
Waals force and the steric hindrance caused by the larger
molecule size, long chain amine molecules can act as crystal-
lization buffer molecules to reduce the amount of perovskite
nucleation and slow down the perovskite crystallization rate,
which are beneficial to strain release for the formed perovskite
films. The cross-sectional SEM images of the perovskite films in
Fig. S3 (ESIt) further confirm this speculation, in which the
pristine perovskite film exhibits disordered grain size and
distribution throughout the film, and in contrast, the film
deposited on the ODAI underlayer exhibits relatively orderly
and uniform grain distribution.

For determining the residual strain in perovskite films, we
further conducted steady-state photoluminescence (PL) and
time-resolved photoluminescence (TRPL) characterization on
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Fig. 3

(a) PL and (b) TRPL spectra of the control perovskite film and the perovskite films coated on OAI, DDAl and ODAI underlayers. (c) SCLC curves of

control and modified perovskites with OAI, DDAl and ODAI underlayers. (d) Statistics of Voc and Jsc vs. light intensity of the control and alkylamine

modified perovskites.
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tin perovskite films deposited on glass as shown in Fig. 3a and
b. After introducing the alkylamine underlayer and increasing
the backbone length, the tin perovskite films show a higher PL
intensity than the pristine films (Fig. 3a). Furthermore, the
carrier lifetime obtained by fitting the TRPL spectra increased
from 180.4 ns for the control film to 416.3 ns for the ODAI
treated film. These results suggest that the trap-assisted non-
radiative recombination in tin perovskite films is suppressed
after the introduction of alkylamine interlayers, and the tin
perovskite film exhibits a minimal recombination loss on
incorporating ODAL.

To quantify the defect density of states, we conducted space-
charge-limited-current (SCLC) measurements on tin perovskites
in the presence and absence of alkylamines. The equivalent
current-voltage curves for a hole-only device are presented in
Fig. 3c. The defect density of states (N;) can be derived based on
the equation Vg, = eN.L*/2eg, (Vg is the trap-filling voltage, L is

View Article Online

Research Article

the perovskite film thickness, and €, and € represent the vacuum
permittivity and relative dielectric constant).>® The pristine
perovskite film deposited on PEDOT:PSS shows a Vg, value of
0.61 V. After incorporating alkylamines, the Vg, value decreases
to 0.49 V for OAI, 0.39 V for DDAI and 0.23 V for ODAI The
reduced trap density can be attributed to the release of residual
compressive strains, which in turn reduces the potential for-
mation of defects such as voids and dislocations.

Additionally, the light intensity dependent voltage-current
curves are shown in Fig. S4 and S5 (ESIY). Fig. 3 shows the key
parameter values extracted from the light intensity dependent
current-voltage curves. Through linearly fitting the open-circuit
voltages versus the logarithm of light intensity, the slopes for
the control, OAI, ODAI and DDAI underlayer treated devices are
1.83KpT/q, 1.75KgT/q, 1.71KgT/q and 1.64KpT/q, respectively
(where Kg is the Boltzmann constant, and 7 and g represent
absolute temperature and elementary charge). Ideally, the
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ideality factor n value in the slope nKy7/q is 1 in the absence of
trap-assisted recombination, whereas any deviation from the
ideal value indicates the presence of trap-assisted recombina-
tion. The n value decreased from 1.83 in the control device
to 1.64 in the device with the ODAI underlayer, suggesting
that trap-assisted nonradiative recombination is hindered.”
Similarly, the power-law dependence of current density on the
light intensity can be represented by Jsc oc (Piigne)” (¢ < 1). The
slope of the light intensity dependency of jsc for the ODAI
modified TPSC is 0.960, higher than 0.922 for the control one,
which further demonstrates the inhibited nonradiative recom-
bination of tin perovskite films due to the release of residual
strain by introducing long-chain alkylamines.>>

The photovoltaic performance of the TPSCs with and with-
out the alkylamine underlayer was investigated through fabri-
cating an inverted device with a structure of indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS)/alkylamines/perovskite/Ce0/2,9-dimethyl-4,7-
diphenyl-1,10 phenanthroline (BCP)/silver (Ag). The photovol-
taic performances of all TPSCs with different concentrations of
alkylamines were studied and are shown in Fig. S6 to S8 (ESIT).
By horizontal comparison according to the different concentra-
tions of each underlayer, the increase of concentration from
0.5 mg mL ™" to 1.5 mg mL " leads to an ascending and then
descending PCE evolution, where the devices with 1.0 mg mL™"
alkylamines exhibit highest efficiency. By longitudinally compar-
ing different underlayers under the same concentration condi-
tions, increasing the length of the alkyl chains results in gradually
enhanced photovoltaic performance, and ODAI-modified TPSCs
all show the best efficiency for all concentrations.

The photovoltaic performances of the best-performing
TPSCs are determined from the current-voltage (/-V) curves in
Fig. 4a. The pristine TPSC exhibits a champion PCE of 11.74%,
with an open-circuit voltage (Voc) of 0.757 V, a short-circuit
current density (Jsc) of 22.26 mA ecm™ and a fill factor (FF) of
69.66%. After introducing OAI and DDAI, the Ve shows a
significant increase to 0.772 V and 0.792 V, which leads to the
enhanced PCE of 12.42% and 12.99%, respectively. The incorpora-
tion of ODAI results in an efficiency of 13.82%, with a Vo of
0.818 V, a Jsc of 23.05 mA cm™? and an FF of 73.3%. As a
comparison, we also investigated the photovoltaic performance
of TPSCs prepared with tridodecylmethylammonium iodide
(TDAI) with longer alkyl chains as shown in Fig. S9 (ESIt). In
contrast, further increasing the alkyl chain length to TDAI causes
an obvious decrease in the photovoltaic performance, which can
be attributed to the hindered carrier transport and extraction at
the buried interface, as confirmed by the PL quenching experi-
ments in Fig. S10 (ESIT). These results further confirm that the
TPSCs modified with the ODAI underlayer show the best photo-
voltaic performance, derived from the released lattice strain, and
the resulting reduction of defect concentration and non-radiative
recombination.

Fig. 4b shows the J-V curves of the best-performance TPSCs
with ODAI as the underlayer with forward and reverse scanning.
The device obtains PCEs of 13.82% and 13.73% under forward
scanning and reverse scanning respectively, showing a

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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considerable reduced hysteresis compared to other TPSCs in
Fig. S11 to S13 (ESIt). Furthermore, Fig. 4c shows that each
solar cell parameter is improved compared to those of the
control device with the addition of alkylamine, and V¢ and
FF show gradual increases with the increase of the carbon
backbone length, which finally leads to the champion perfor-
mance for the ODAI based device. The integrated Jsc obtained
from the external quantum efficiency (EQE) in Fig. 4d exhibits a
small deviation from the value in the j-V measurements. In
addition, a stabilized photocurrent of 21.72 mA cm™ and the
corresponding stabilized PCE of 13.46% are achieved for the
best-performing device at the maximum power point (MPP)
(Fig. 4e).

For studying the influence of alkylamine underlayers on the
stability of TPSC, we recorded the PCE evolution of the unen-
capsulated devices stored in an N, atmosphere under continu-
ous light conditions (AM 1.5 G simulated sunlight) and
continuous 65 °C heating, respectively, as shown in Fig. 4f and
g. For the light stability test, we observed that all devices exhibit
stability for the initial 150 hours (Fig. 4f). As the aging increases
to 300 hours, the control device shows a rapid efficiency decay to
around 90%, while the device with the ODAI underlayer still
maintained over 98% of initial efficiency. After 1000 hours of
illumination, the TPSCs with the ODAI underlayer retained more
than 92% of initial PCE, which demonstrates a significant
increase in the light stability, as compared to the over 20%
efficiency degradation for the control device. In addition, we also
tested the thermal stability of the device by heating the unen-
capsulated device at 65 °C in an N, environment. For the thermal
stability shown in Fig. 4g, the ODAI-treated TPSCs maintained
around 90% of the initial PCE after 800 h, while the value for the
control device declined to below 70%. The improvement in light
and heat stability might be attributed to the release of residual
strain and improved crystallinity in the film to effectively over-
come crystal lattice instability under heating and reduce the
defect generation during illumination.

Conclusion

In summary, we have demonstrated the existence of compres-
sive strains in tin perovskite films, and developed an underlayer
engineering strategy to achieve the release of residual strain in
tin perovskite films by introducing OAI, DDAI and ODAI. The
results reveal that long chain alkylamine can modulate perovs-
kite crystallization and growth, leading to release of residual
compressive strain, which reduces the defect density, increases
the carrier lifetime, and suppresses the non-radiative recombi-
nation loss in the tin perovskite films. The TPSCs with an ODAI
underlayer achieved a highest power conversion efficiency of
13.82%, and maintained over 92% and 88% of initial PCE
under continuous one-sun illumination and 65 °C heating for
1000 hours. This work reveals the strain state in tin perovskites
and provides guidance for improving the photovoltaic perfor-
mance and stability of TPSCs from the perspective of buried
interfacial strain regulation.
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