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Tin perovskite is emerging as the most promising candidate for lead-free perovskite solar cells. However,

the poor carrier transport properties, such as a short diffusion length, low carrier mobility and severe
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recombination, limit the boom of tin perovskite solar cells. In this work, we explored mixed monoammonium
and diammonium terminal ligands to construct a quasi-2D tin perovskite film. The use of a diammonium
ligand reduces the total number of terminal ligands in the film, and it retards perovskite film growth, which

enhances the film orientation. These improvements enhance the carrier mobility and carrier diffusion length.

rsc.li/frontiers-materials

1 Introduction

The outstanding optoelectronic properties exhibited by tin
perovskites, such as high absorption coefficients, low exciton
binding energies and desirable bandgaps, render them as one
of the most promising candidates for lead-free perovskites
with a theoretical power conversion efficiency (PCE) of up to
33.4% based on the Shockley-Queisser equation.' Over the
past decade, several seminal strategies have been employed to
enhance the efficiency of tin perovskite solar cells (TPSCs) from
approximately 6% to over 14%,>°® including compositional
manipulation,”®  additive  engineering,'®"®  surface
modification"*"* and device architecture design.

The incorporation of low dimensional structures in the film
plays a significant role in improving the performance of TPSCs
among various methods, given its capability to effectively mod-
ulate the crystallization and reduce oxidation simultaneously.*>"°
The use of quasi-2D structures significantly improves the perfor-
mance of tin perovskite solar cells.” Various linear and aromatic
amines are employed as terminal molecules to form low-
dimensional structures including Ruddlesden-Popper (RP) and
Dion-Jacobson (DJ) phase. Based on n-conjugated terminal
molecules such as fluoro-phenethylammonium and 2-
phenoxyethylamine, the performance of TPSC is approaching
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As a result, the device shows enhanced current density and power conversion efficiency of 14.3%.

15%."?" Alkylammonium such as butylammonium is explored
as terminal ligand to enhance the device performance of TPSCs as
well, with efficiency up to 12.36%.>> Heterocyclic amines such as
imidazolium are used for TPSCs as well and the efficiency is up to
12.5%.>* These interlayers not only enhance crystal alignment and
foster smoother surfaces, but also curb defects while resisting
oxidation.

Recent research about the low-dimensional structure in tin
perovskite films has mostly focused on RP phase constructed by
double layers of insulated bulky monovalent organic cation
pairs with a van der Waals gap between them.>*** This double
layer of molecules between perovskite slabs gives a long dis-
tance resulting in a large barrier for carrier transport. As a
result, suffering from deteriorated carrier transport properties,
TPSCs based on RP phase low-dimensional structures show
relatively small current densities (~20 mA em > in general),
which is one important factor that limits the PCE of TPSCs.*

Due to the high Lewis acidity of tin, it is generally difficult to
control tin perovskite film growth giving rise to large defect
density. The fast growth of tin perovskite film is one important
factor for the high defect density of the film. The use of additives
with Lewis base functional groups to manipulate perovskite film
growth is an important approach to improve the film quality. By
using 6-maleimidohexanehydrazide trifluoroacetate salt as an
additive to passivate the defects, a champion PCE of 13.64% is
achieved."® Similarly, 2-guanidinoacetic acid can be used to reduce
Sn vacancies and raise the PCE up to 13.7%.>® By adding ethyle-
nediammonium dibromide additive, a champion PCE of 14.2% is
achieved.”” Although the defect density of tin perovskite film is
much reduced based on these strategies, the carrier lifetime and
diffusion length are still much less than those of lead perovskite
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films.”® Consequently, regulating the tin perovskite structure and
reducing defect density are still highly desirable for tin
perovskite films.

In this work, we explored diammonium molecules to partly
replace the phenylethylammonium (PEA) to manipulate the
film structure and crystal growth kinetics. The diammonium
molecules reduce the barrier for carrier transport, and they
regulate the film growth kinetics. The film shows enhanced
orientation and larger carrier diffusion length. The optimized
device exhibits a champion efficiency of 14.3%, ranking among
the highest efficiencies achieved in TPSCs.

2 Experimental section

Perovskite films were prepared by a one-step antisolvent
method similar to previous work.”> To prepare the control
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ethylammonium thiocyanate (PS), formamidine acetate (FAAc),
NH,I, SnF,, and NH,SCN in the molar ratio of
0.2:0.8:0.8:1:0.075:0.05 were added into SnI, solution with
DMF and DMSO mixed solvent (v:v = 4:1). To prepare the
optimized perovskite (PEA, 15XDAy 01FA( sSnI, §SCN ,) precur-
sor, PS, p-Xylylenediammonium thiocyanate (XS,), FAAc, NH,I,
SnF,, and NH,SCN in the molar ratio of 0.18:0.01:0.8:
0.8:1:0.075:0.05 were added into SnI, solution. The precursor
is stirred at room temperature overnight. More experimental
details can be found in the ESIf

3 Results and discussion

20% PS is added into the precursor to form control quasi-2D/3D
structure perovskite films. In order to improve the quality of tin
perovskite films, a small ratio of p-Xylylenediammonium thio-

perovskite  (PEA,,FA,sSnl, §SCNy,) precursor, 2-phenyl- cyanate (XS,) is added to replace part of PS, and the fabricated
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Fig. 1 Characterization of the perovskite crystal structures. (a) GIWAXS patterns of control films and (b) XS2 films with an incident angle of 0.5°. (c)
GIWAXS intensity integrated azimuth at g = 1 A=, (d) XRD patterns and (e) Abs spectra of control and XS2 films. (f) Schematic of interaction between

[Snlgl*~ and PEA (left) or XDA (right).
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film is denoted as XS2. Both films are fabricated on a PED-
OT:PSS/ITO substrate with toluene as an antisolvent.

We characterized the films by grazing-incidence wide-angle
X-ray scattering (GIWAXS) at an incident angle of 0.5° (Fig. 1a
and b). The GIWAXS patterns of both films exhibited distinct
diffraction spots of quasi-2D or 3D structures with g values of
1.00 and 1.75 A, respectively, corresponding to the (100) and
(111) crystal planes.>® Subsequently, the integration of the (100)
plane diffraction intensity over the azimuthal angle was con-
ducted numerically (Fig. 1c). While both films displayed peak
diffraction signals around 90°, the XS2 film shows a stronger
peak intensity, indicating a higher crystallinity in the XS2 film,
which is aligned with the X-ray diffraction (XRD) patterns
(Fig. 1d). Compared with the control film, the diffraction signal
from the (100) plane is mainly concentrated at the azimuth
angle around 90°, which means that the XS2 film is highly
oriented and grows along the out-of-plane direction.* Fig. 1e
shows the absorbance (Abs) spectra of the control and XS2 film,

(a) (b)

Control
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which have similar cut-off edges and absorbance, indicating
that the structures of the two films are almost the same.

Since XS, has two ammonium groups, it can coordinate with
two layers of [Snlg]*" directly, which can reduce the distance
between them. To confirm that the addition of XS, into the film
can reduce the interlayer space, we fabricated a perovskite film with
10% XDA in the absence of PS. The film structure is characterized
by GIWAXS as well (Fig. S1, ESIt). There is a clear Debye ring that
can be observed at ¢ = 0.35 A™", which can be ascribed to the
character signal of XDAFASN,X.>° Another weaker diffraction ring
around g = 0.69 A™* can be considered as the secondary diffraction
of the former. The emergence of low-dimensional signals in
XDA, 1FA, sSnX; films demonstrates that XS, molecules can reduce
the distance between the [Snls]'~ layers (Fig. 1f). However, this
diffraction peak is not observed for the film mixed with PS, which
can be ascribed to the low concentration of XS,.

The modification by diammonium also promotes the mor-
phology of tin perovskite films, which is demonstrated by
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Fig. 2 Characterization of perovskite films. (a) SEM pictures of control and XS2 films. (b) AFM pictures of control and XS2 perovskite films. (c) The XPS
result of the control and XS2 films. (d) The XRD patterns of the control films and XS2 films (e) based on different annealing times. (f) The (100) plane
diffraction intensity of the control and XS2 perovskite thin films based on different annealing times.
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scanning electron microscopy (SEM) and atomic force micro-
scopy (AFM). As shown in Fig. 2a, although the control film
seems to be smooth in general, some pinholes are contained on
the surface, indicating that the quasi-2D structure does not
cover the surface completely. In contrast, the XS2 film exhibits
a smoother and more compact surface with reduced pinholes.
AFM measurement provides accurate information about sur-
face roughness of the two kinds of perovskite films (Fig. 2b).
The R, values are 2.1 nm and 1.9 nm for the control and XS2
films, respectively. The compact surface indicates the substan-
tial occupation of low-dimensional structures on the surface of
the films, which can shield the bulk 3D structure from the
decomposing effects of oxygen and moisture. As shown in
Fig. 2c, the ratio of Sn*" is 2.83% in the control film, higher
than that in the XS2 film (2.18%).

To identify the mechanism for the improvement in film
quality, we tracked the crystal growth process during the first
minute of annealing of both the control and XS2 films through
X-ray diffraction (XRD) measurement (Fig. 2d-f). Before anneal-
ing, the control and XS2 films show similar intensity of the
(100) plane peak, which means the crystallinity is similar. The
(100) peak intensity of the control film boomed in the first 20
seconds during annealing, while the growth speed slowed down
later. It can be inferred that the perovskite crystal in the control
film grows rapidly at the beginning of annealing. The fast
growth of tin perovskite results in increased defect density
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and incomplete surface coverage. However, during the first
minute of XS2 film annealing, the (100) plane peak intensity
shows continuous growth in 60 seconds, indicating that the
crystallization rate is decreased, giving rise to high-quality
perovskite films. The decelerated crystallization rate contri-
butes to the optimized orientation and improved film
morphology.

We fabricated p-i-n structured perovskite solar cells based
on control and XS2 perovskite films, using the architecture of
ITO/poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS)/tin-perovskite/indene-Cg, bisadduct (ICBA)/bath-
ocuproine (BCP)/Ag, as shown in the cross-sectional SEM image
(Fig. 3a). Fig. 3b presents the current density-voltage (J-V)
curves of the best-performing control and XS2 TPSCs measured
under simulated AM 1.5 G illumination. The champion control
solar cell obtains a PCE of 13.27% under reverse scan with an
open-circuit voltage (Voc) of 0.91 V, a short-circuit current
density (Jsc) of 18.91 mA cm > and a fill factor (FF) of
76.65%. Due to hysteresis, the PCE under forward scan
decreases to 12.84%. The champion XS2 TPSC reaches an
enhanced remarkably high PCE of 14.31% with minor hyster-
esis, with a Voc of 0.90 V, a Jsc of 20.70 mA cm ™2, and an FF of
76.96%. The external quantum efficiency (EQE) curves of both
the control and XS2 devices are presented in Fig. 3¢, and the Jsc
values integrated from the EQE curves are 19.18 and 19.96 mA
cm 2 for the control and XS2 device, respectively, matching
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Fig. 3 Device performance. (a) A high-resolution cross-sectional SEM image of a complete device. The scale bar is 100 nm. (b) The current density—
voltage characteristic curves under 100 mW cm~2 AM 1.5G illumination. (c) The EQE curves and integrated current density of the control and XS2 devices.
(d) The maximum power point measurement for control and XS2 devices without encapsulation under simulated AM1.5 G illumination. (e) Statistical PCE

and Jsc from 20 control and XS2 solar cells.
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with the Jsc from the J-V curve. To show the reproducibility of
XS2 in enhancing performance, a total of 20 control solar cells
and 20 XS2 devices were fabricated, and their respective statis-
tical photovoltaic parameters are presented in Table S1 (ESIT).
The statistical Vo and FF of two kinds of devices are almost
identical (Fig. S2, ESIt), and the observed improvements in
PCEs hence can be attributed to the amplified short-circuit
current densities, as delineated in Fig. 3e. Specifically, the
average Jsc of the XS2 devices measures 20.42 mA cm 2,
surpassing that of the control devices, which was recorded as
19.44 mA cm >, The maximum power point (MPP) measure-
ment reveals that the XS2 device obtains an improved stability
(Fig. 3d). A PCE of 13.57%, 98.3% of the initial efficiency, is
maintained after 5 min of steady-state power output under
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0.75 V biased voltage, while the control device maintains only
95.8% initial efficiency. Besides, the XS2 device showed
increased long-term stability, maintaining ~95% of its initial
efficiency after 25 days of storage in a nitrogen atmosphere,
much better than that of the pristine one, which maintains only
around 84% (Fig. S6, ESIT). We also fabricated devices based on
tin perovskite, in which PS is replaced by XS, completely, and
an 8.14% PCE is obtained (Fig. S3, ESIt).

To comprehensively elucidate the factors contributing to the
enhanced performance of the devices, particularly the augmen-
ted Jsc, we tested photoluminescence (PL) spectra of the films,
as shown in Fig. 4a. The PL peaks of both films are located at
around 873 nm, illustrating that the small amount of XS,
addition does not notably affect the bandgap of the tin
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Fig. 4 Characterization of the optoelectrical properties of the devices and films. (a) PL spectra of the control and XS2 films. (b) TRPL spectra of the
control and XS2 (c) films with and without ICBA, which plays a role as a quenching layer. (d) Transfer characteristics of TFTs based on the control and XS2
perovskite films. (e) Carrier mobility versus gate voltage (Vgs) curves of the control and XS2 TFTs. (f) TPV and (g) TPC for the control and XS2 encapsulated
solar cells. (h) Dependence of Ve and (i) Jsc on light intensity for the control and XS2 solar cells.
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perovskite film. Nevertheless, compared to the control film, the
XS2 film demonstrates higher PL intensity, suggesting the
suppression of trap-assisted non-radiative recombination, which
implies that the XS2 films obtain reduced defect densities.

We conducted time-resolution photoluminescence (TRPL)
characterization to study the carrier dynamics. To avoid degra-
dation stemming from oxygen and moisture, the film samples
were encapsulated utilizing UV glue and glass. As delineated in
Fig. 4b and c, the scatter plots demonstrate the fluorescence
attenuation of both the control and XS2 perovskite films. The
PL lifetimes (t,) of the control and XS2 films were measured as
70.59 ns and 84.88 ns, respectively, denoting an increased
carrier lifetime in the XS2 device. This prolonged lifetime
suggests mitigated carrier recombination and reduced defect
density of the XS2 film. We then tested the PL lifetime (t.) of
the perovskite films with an ICBA quenching layer on the
surface, which is 5.77 ns and 5.36 ns for the control and XS2
device, respectively.31 Based on the combination of 7, and 7.
values, the electron diffusion length and mobility of the control
film are calculated to be 366 nm and 0.75 cm?® V' s !
respectively. For XS2 films, the calculated values are 417 nm
and 0.81 cm® V™' s7', respectively, surpassing metrics of the
control film. The extended charge diffusion length facilitates a
more effective gathering of photogenerated carriers.

The improvement in carrier mobility was further corrobo-
rated by characterization of thin-film transistors (TFTs) based
on control and XS2 perovskite films. The current density is
improved in the negative direction, indicating p-type character
of the film (Fig. 4d). The calculated carrier mobility values
under varying gate voltages (Vgs) are outlined in Fig. 4e. The
carrier mobility attained for the XS2 film reaches as high as
21.1 cm® V' 57, a notable advancement compared to the
control TFT’s (10.4 cm” V~' s "). This enhancement in carrier
transport dynamics can be ascribed to the modification by the
diammonium molecule that reduces the thickness of the
quantum well and enhances crystal orientation.

Other electrical characterizations of the devices were con-
ducted to verify the effect of XS, modification on defect density.
As shown in Fig. 4f, transient photovoltage (TPV) measure-
ments reveal a prolonged charge recombination lifetime of
the XS2 films (360 ps), in comparison with the control device
(106 ps). This outcome validates that carriers exhibit a pro-
longed residence time within the target device, benefitting from
a reduced density of trap states and inhibited nonradiative
carrier recombination.*” Fig. 4g shows that the transient photo-
current delay time of the XS2 device was estimated to be 402 ns,
which is shorter than that of the control device (482 ns), which
can be ascribed to the enhanced carrier mobility and reduced
defect density.*?

We also investigated the Voc and Jsc of the TPSCs under
light intensities varying from 20 to 100 mW cm > to further
study the charge recombination. Fig. 4h represents the relation-
ship between light intensity and V¢, which can be depicted as

Voc = nkBTln (i + 1) (1)
q
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where n is the ideality factor, K is the Boltzmann constant, 7T is the
temperature in Kelvin, I is the light intensity, and I, is the initial
light intensity.*** The ideality factor of the optimized XS2 device is
calculated as 1.67, while the corresponding value of the control
device is 1.92. A decreased ideality factor demonstrates less energy
loss due to less nonradiative trap-assisted Shockley-Read-Hall
(SRH) recombination.®® The light intensity dependence of Jsc for
the XS2 device has a higher slope of 0.96 compared to 0.92 for the
control device (Fig. 4i), which is consistent with the result of TPV.
We also calculated the dark saturation current density (J,) of two
kinds of devices (Fig. S7, ESIt). The J, values of the control and XS2
devices are 8.67 x 107 % mA ecm ? and 2.04 x 10" ® mA cm 2,
respectively, proving that the nonradiative recombination in the
XS2 device is suppressed.

4 Conclusion

In summary, we explored p-Xylylenediammonium thiocyanate
to manipulate the structure of quasi-2D tin perovskite films and
improve the properties of carrier transportation. The introduc-
tion of XS, tunes the crystallization process and slows down the
crystallization rate. As a consequence, the optimized films
obtain a more compact surface, an enhanced crystal orientation
and a reduced defect density. The modification of XS, improves
the conductivity of the tin perovskite crystal, resulting in
enhanced carrier mobility and prolonged carrier diffusion
length, and decreased nonradiative trap-assisted recombina-
tion. As a result, a champion efficiency of 14.3% is obtained.
This work provides an effective strategy to improve the quality
of quasi-2D tin perovskite films by mixing double kinds of
terminal ligands.
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