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ABSTRACT

The progress of tin-based halide perovskite solar cells (Sn-HaPSCs) is obstructed by their poor
stability arising from tin oxidation. Herein, we introduced the phenethylammonium thiocyanate
(PEASCN) as a pseudohalide functional additive into FASnlz perovskite film to improve the
optoelectronic properties. This approach is found to be effective for the suppression of Sn-
oxidation and the formation of compact and larger grain film with a higher degree of
crystallinity. The device with PEASCN additive improved the device efficiency from 4.52%
(for pristine Sn-HaP) to 9.65% with a significant increase of Voc from ~0.411 to 0.667 V and
superior device stability. The device analysis revealed that the PEASCN additive has improved
the optoelectronic properties coupled with a higher diffusion potential and suppression of bulk
and interface defect in the Sn-HaPSC. This work corroborates that the incorporation of
pseudohalide-based functional additive in the FASnIs is propitious for better film formation,

passivation of detrimental surface chemistry, and defects at interface and bulk.
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1. Introduction
Tin halide perovskite solar cells (Sn-HaPSCs) have gained attention as an alternative to lead-
based halide perovskite devices to solve the toxicity issue of lead.® Albeit Sn-perovskite
exhibits promising optoelectrical properties such as high absorption coefficients, small exciton
binding energy, and high carrier mobilities,? its intrinsic instability due to the facile oxidation
of Sn?* to Sn** leads to the formation of tin vacancy and metal-like behavior that deteriorates
the device performance.® Indeed, tin has a weakly bonded pair (5s?) that results in the Sn?*/Sn**
oxidation spontaneously. It endorses self-p-doping in the Sn-HaP film leading to shorting of
the device* and exacerbates the non-radiative recombination dynamics.®

Several approaches have been introduced that passivate the catastrophic effects in Sn-HaP
film quality by structural regulation and additive engineering which results in improving the
device performance and its stability.° The additives such as tin(ll) halide,” Sn-powder,?
hydrazine derivatives,®° thiosemicarbazide,!* fluoro-aniline isomers,*? and pyrazine'® have
been used as reducing agents to inhibit the oxidation and facilitate the formation of a pinhole-
free uniform film. Similarly, the incorporation of co-cations!**> and mixed anions'®’ in
formamidinium tin tri-iodide (FASnI3) play a prominent role to control the film morphology
and reduce the oxidation resulting in better power conversion efficiency (PCE). The A-site
cations such as methylammonium (MA),? guanidinium (GA),** Cs,'® and Rb'® mixed with
FASNI3 have demonstrated improvement in the device performance and stability by regulating
3D structure. Moreover, introducing bulky hydrophobic ammonium cation derivatives such as
butylammonium (BA*),*° phenylethylammonium (PEA*),2%?* 5-ammonium valeric acid (5-
AVA),2 ethylenediammonium (EDA)* in FASnI; give 3D/2D composite. Adopting this
approach, Hayase and co-workers?® reported PCE over 13% using Sn-HaP absorber layer with
mixed cations and Gel,. Besides this, a thin 2D layer was formed on the top of the 3D layer by
post-treatment  using such as  PEABI/IPA?**  or  4-(trifluoromethyl)benzyl
ammonium/chloroform.? Diau and co-workers?® have reported 3D/2D structured devices using
a number of bulky ammonium cations (e.g. hexylammonium, cyclohexylammonium, anilinium,
etc)/hexafluoro-2-propanol treatment with promising efficiency and great stability in ambient
air. A recent report demonstrated a record efficiency as high as 14.6% using Snl2.(DMSO)x
adduct coupled along with PEABr additive.?” A theoretical study?® on the chemistry of Sn
suggested that the Sn-X bond in tin halide is more vulnerable to water and oxygen which is
prone to poor device stability. Several reports demonstrated that the additives with
pseudohalide functional derivatives increase the device performance of HaPSCs and stability

coupled with the hydrophobicity and optoelectronic quality of HaP film.?*22 Polyatomic
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pseudohalide such as thiocyanate (SCN™), azide (N3), tetrahydroborate (BH, ), formate
(HCOO™), and methanethiolate (CH3S~) have been studied as a candidate for the X-site
tailoring.333* It is documented that the additive with N-, S-, and O- based electron donors can
conjugate with tin halides by donating a lone pair electron to the divalent tin resulting increase
in covalency.®>2® Albeit the introduction of pseudohalide is propitious for stabilizing the halide
bonding,® % only a handful of works have been carried out for Sn-based HaPSCs. The
pseudohalide SCN~of GA*® and FA'®*! as an additive in FASnIs resulted in improvement in
device performance. It is documented that m-conjugated electronic system of the pseudohalide
SCN~coordinates with Sn?* ion and controls the extent of oxidation in Sn-based film.1®42 The
functional additives with thiocyanate anion are also beneficial for film growth,*44 moisture
tolerance,* and carrier transport.*®4” Accounting for these beneficial aspects, it is worthwhile
to explore the functional additive to understand the effect of pseudohalide in Sn-HaPSCs.
Herein, we introduced the bulky organic cation pseudohalide PEASCN in the FASnI3
precursor to control the extent of tin oxidation and film growth for the development of Sn-
HaPSCs. It is found that the pseudohalide of the PEASCN additive effectively improves the
film quality and optoelectronic properties. The device efficiency improved from 4.52% for
pristine to 9.65% for additive with higher reproducibility and improved stability. The film and
device analysis revealed that the PEASCN additive catalyses the growth of large grains with
highly oriented crystalline orientation, longer carrier lifetime, and defect passivation. We have
underscored the insight into a pseudohalide additive approach to pave the way for resolving
the oxidation and deterioration issue of Sn-HaPSCs.
2. Results and discussion
The FASNI3 films were prepared with different additive ratios of PEASCN by one-step fast
deposition subsequent with an antisolvent dripping approach as described in the experimental
section. XRD measurements were carried out to study the impacts of PEASCN additive on the
Sn-HaP films. All the XRD patterns (Fig.1a) showed characteristic diffraction peaks consistent
with the orthorhombic phase of FASnIs.”* We observed highly oriented crystallographic
planes of (100) and (200) for Sn-HaP films with PEASCN additive whereas the pristine film
grows with multiple crystal orientations i.e. (102), (122), (222), (213), etc. As the XRD results
in the small-angle regime (Fig. 1a, left) show an additional diffraction peak for x>0.12
suggesting the formation of a 2D layer with phenethylammonium cation.?®2%4% No 2D layer
features were observed with PEASCN additive for x< 0.08. Moreover, one can see an

asymmetric characteristic peak for the pristine film compared to those films with PEASCN



additive (Fig. la, right). The asymmetric characteristic feature is attributed to the poor
crystalline nature. Although the shifting of characteristic peaks is hardly observed, we can eye
a slight incline in diffraction angle suggesting incorporation of SCN~ molecular ions into the
crystal lattice. A similar observation has been reported with the introduction of
phenylhydrazine hydrochloride*® and with the addition of SCN functional derivatives.*® It has
been documented that PEA™ has a large ionic radius that does not fit into the corner-sharing
[Pblg]*~and it separate 3D HaP into layer rather than incorporation in crystal lattice.*® Since
the ionic radius of 17(2.20 nm) is similar to that of SCN~(2.15-2.20 nm), it does not induce a
significant change in lattice with the incorporation of SCN~.*? However, the ambident
nucleophilic nature of SCN ~acts as a bridging ligand to form a stable 3D network of octahedral.
This characteristic feature of pseudohalide functional additive results in the growth of the high-
quality crystalline film.

The absorption spectra of the films (x=0-0.12) (Figure 1b) demonstrate some effects with
a higher content of PEASCN additive. A distinct absorption curve for x=0.12 might be a
consequence of the formation of a 2D layer of PEA2Snl4 (as seen in XRD pattern; Fig. 1a) with
higher content of PEA™ in the film that affects a band edge. Photoluminescence (PL) spectra of
the corresponding films (Fig. 1c) display a slight blueshift with the introduction of PEASCN.
The characteristic PL peaks are centred at 1.4010.02 eV for x=0 and 1.46+0.02 eV for x=0.12.
It is noticed that the PL spectra with 0<x<0.12 are comparatively symmetric that could be

related to the improvement in optoelectronic quality.
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Fig. 1 Growth characteristics of the FASnIz films with different amount of PEASCN additive
(x=0-0.12) with respect to FAI. (a) XRD patterns (left- small angle- XRD pattern; 26<10, right-
zoomed-in XRD patterns with dominant peaks (100) and (200)), (b) absorption spectra, (c) PL
spectra, and (d1-ds) SEM images of pristine (x=0) and film with additives. # - corresponds to
characteristics peak for 2D layer of PEA2Snla.

Figure 1d:-ds shows the top view scanning electron microscopic (SEM) images of the
corresponding films. The pristine FASnIs film shows a very poor film coverage with numerous
pinholes which is deleterious for shunting path in the device. The films with PEASCN additive
exhibit a significant improvement in film coverage by suppressing the pinhole’s densities.
However, the film with a higher PEASCN additive (x>0.08) was found to be grown with
uneven morphology. This could be due to the uneven formation of 2D layered features at the
surface of the film in the nanoscale range.?*° Moreover, the average grain sizes are in the
range of ~50- 300 nm for the pristine film while those for the films with PEASCN additives
are ~150-600 nm. These improvements in film growth with the addition of PEASCN may be
due to the collective effect. It has been documented that the rapid crystal growth of pristine
FASNI3 leads to the pinhole rich morphology that can be slowed down by functional additive
engineering (i.e. adding the bulky organic cations with iodine such as PEAI, GAI, or
EDAI,).242 |t is also observed that the pseudohalide functional additive promotes film growth

and enhances optoelectronic properties.'634384042 \Wjth the favor of documented growth



mechanism, it is believed that the PEA™ plays a crucial role in deaccelerate the crystal growth
by extended bonding interaction. On the other hand, the pseudohalide anion (SCN™) also
facilitates the coarsening of grains and improves the film quality.

We then fabricated a complete device with the inverted structure of ITO/PEDOT:PSS/Sn-
HaP/PCBM/BCP/Ag as depicted in the cross-sectional image (Fig. 2a). Figure 2b shows the
current density-voltage (J-V) curves of pristine and the best device with PEASCN additive.
The device parameters with different additive contents are summarized in Table 1 and
corresponding J-V curves are given in Fig. S1a. The device with pristine FASnIs achieved a
PCE of 4.52% (with Jsc~19.76 mA/cm?, Voc~0.411V, and FF~55.6%). The J-V characteristic
(Fig. 2b) with PEASCN additive (x<0.08) in FASnls (hereafter, FASnls with PEASCN
additive) demonstrated an improved device performance of 9.65% with significantly improved
in Voc~ 0.667 V and FF~65.3%, and Jsc~22.15 mA/cm? (steady-state Jsc and PCE; Fig. S2)
This is attributed to the growth of compact and large grain morphology with high crystal quality
leading to the betterment in optoelectronic properties. However, the device with a higher
additive gives a lower performance which is related to the poor film morphology caused by
uneven surface and worsened optophysical properties as indicated by asymmetric features
(Fig.1c, d). In addition, the statistical data (Fig. 2c and Fig. S3) show a narrower distribution
of device parameters for the device with PEASCN additive indicating higher reproducibility
compared to the device with pristine FASnlz.

Figure 2d displays the external quantum efficiency (EQE) of the device with pristine
FASNI3 and with PEASCN additives (Fig. S1b). It shows a noticeable enhancement in the 350-
850 nm regime suggesting the improved interface and absorber quality with PEASCN
additives.®! . The values of Jsc estimated by integrating the EQE spectra are 19.54 and 21.76
mA/cm? for the corresponding devices. These values are slightly lower but in the range of the
value obtained from the J-V curves (Fig. 2b). The band edges estimated from EQE spectra
(inset, Fig. 2d) reveals a little blue shift for the device with PEASCN additive. This is consistent
with the absorption and PL characteristics (Fig. S4 and Fig. 1b,c).
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Fig. 2. Cross-sectional image of the device (a), J-V curves of FASnlz devices (pristine and
PEASCN additive (0.08 mol%) (m forward/o reverse scan direction) (b), statistics of PCE (1)
(c), EQE spectra (d), and stability of encapsulated device (e).

Table 1. The device parameters of the FA1.xPEAxSNI3 devices with different PEASCN content
(x=0-0.12). The best device parameters are given outside the parentheses. The average values

PCE and standard deviation (40 devices from 4 batches) are given in parentheses.

FASnI;+PEASCN

(FAIPEASCN=1-x:X) 0 0.02 0.04 0.08 0.12
Jsc (mA/cm?) 19.76 19.85 21.45 22.16 14.48
Voc (V) 0.411 0.479 0.543 0.667 0.517
FF 0.556 0.595 0.623 0.653 0.523
Rs (Q-cm?) 5.46 5.32 4.32 3.35 6.10
Rsh (kQ-cm?) 0.872 0.978 0.959 2.570 0.846
4.52 5.66 7.26 9.65 3.92

n (%) (3.52+0.58) | (4.8240.62) | (6.72+0.46) | (8.9240.27) | (3.2640.74)




The device performance monitored with time (Fig. 2e and Fig. S5) demonstrates that the
device with PEASCN additive has superior device stability. The XRD results (Fig. S6) revealed
that the pristine FASnIs deteriorates stemming from a dominant Snl, secondary peak, whereas
the film with PEASCN additive is comparatively stable retaining characteristics with few
obscure peaks. These results agree with the other’s reports which have used pseudohalide
functional additive for tailoring the absorber layer properties.'®5? Thus, these results suggest
that the PEASCN additive in the FASnIs absorber is advantageous for the improvement in
device performance as well as device stability. Comparing with Pb-based devices, the PCE and
device stability are still impeded due to the Sn-HaP film quality. Therefore, it is imperative to

resolve the impedance factors for getting competitive device quality.
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Fig. 3. UPS spectra of the FASnI3z films of pristine and with PEASCN additive; (a) the
photoemission cutoff energy and (b) valence band spectra with the energy difference between
the valence band maximum (Ev) and the Fermi level (Ef). (c) schematic illustration of energy
levels. (d) XPS-spectra (Sn 3d: 3ds;2 and 3ds2) of the surface of the FASnIs films without and
with PEASCN addition. (e) TRPL decay spectra for corresponding films.

To understand the impact on energy band, we characterized the FASnls film without and
with PEASCN additive using ultraviolet photoelectron spectroscopy (UPS). The work function
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(¢) (Fig. 3a) and the difference between the valence band and Fermi level (AEr ,=Ev-EF) (Fig.
3b) indicate a slight increase value for the FASnI3 film with PEASCN additive. We calculated
band structure (Fig. 3c, energy band diagram, Fig. S7) by combining optical bandgap (Fig. 1c
and 2d). It reveals that an increase in work function with a downshift of E, and E; level
reduces the band offset which benefits the effective carrier transfer and increases the Voc as
well as other device parameters.? It is concurrent with our device results.

To explore the surface chemistry, the film was studied by X-ray photoelectron
spectroscopy (XPS) (Fig. S8). The two characteristic peaks deconvoluted into the Sn 3d (3ds.
(3dsr)) (Fig. 3d) at ~486.7 (495.2) eV and 487.3 (495.7) eV are attributed to the Sn** and
Sn** species, respectively. Moreover, the surface composition extracted from the XPS spectra
(Tables ST1 and ST2) shows iodine poor composition (i.e. an atomic ratio of Sn: 1 of 1 : 1.38
for the pristine and 1 : 1.69 for the PEASCN additive) for both films. Accounting for the
detection limit of XPS (<10 nm), the off-stoichiometric film surface could be related to the
existence of a higher content of SnF» or iodine loss due to surface oxidation. The analysis of
Sn 3d core spectra demonstrated that the atomic percentage of Sn** for the film with PEASCN
additive is suppressed from 15.28 to 7.23% (Fig. 3d). A comparative analysis of XPS spectra
of C, N, and S (Fig. S9) suggests that SCN~pseudohalide interacts with Sn?* that increases the
bonding strength against facile oxidation.*> Moreover, the pseudohalide anion has a higher
binding affinity that passivates iodine vacancies present at the surface or grain boundaries of
the Sn-HaP.>* Hence the PEASCN additive improves the stability of the FASnIs film. Thus, it
corroborates that the ionic species of additive; PEAT/SCN~ coordinate with Sn?* ion and
mitigates the formation of notorious species (Sn**, I2) on the film surface and bulk. And hence,
it controls the extent of oxidation in the Sn-based film.

Figure 3e shows time-resolved PL (TRPL) characteristics of Sn-HaP film prepared on the
glass substrate. The PL lifetime shows a longer carrier lifetime of 1.68 ns for the PEASCN
added FASNI3 film compared to the pristine film (0.64 ns). A similar value of lifetime has been
reported for FASnI; film with functional additives.*% This indicates a lower defect density in
the film with an additive that must be a consequence of the controlled growth of morphology
with large grain and better crystallinity of film with additive. However, the PL lifetime of the
FASNI; film is much lower than the Pb-HaP film.> This could be the result of a dominant effect
of the metallic nature of Sn** existed in the Sn-HaP film.
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Fig. 4. Capacitance-voltage (C-V) characteristics of devices; (a) Mott-Schottky plots and (b)

carrier profile extracted from C-V analysis.

To get insight into the defect densities, we further studied the capacitance characteristics of
the device to study the impact of additives on the carrier profile. The capacitance response
accounts for the carrier distribution (free carrier and defect density)®** and ion or charge
accumulation at the interface®® in thin-film solar cells. The capacitance-frequency (C-f)
response (Fig. S10) for the pristine device shows a slightly larger value in the range of 1kHz
to 50 kHz that stems from the absorber layer. It implicates a higher defect density in the pristine
Sn-HaP film which is prone to inferior device performance. Similarly, the capacitance at a
lower frequency which accounts for the ionic motion or charge accumulation,®®°’ has a lower
value for the device with PEASCN additive. It is attributed to the reduction in ion or charge
accumulation at the interfacial layer or electrode that could be propitious for device stability
(Fig. 2e). To have a quantitative analysis carrier and defect profile, we measured capacitance-
voltage (C-V) response and analyzed the Mott-Schottky (M-S) curves (Eq. 1) and carrier profile
(Egn.2) given by the relation.®

() = s V4 V) <1>

q&o€s Na(x)

_ 2 [a( 1\t
Nev=— qeots [E (C(V)Z)] @

where C - capacitance per area, &,-permittivity of free space, & - a dielectric constant of
perovskite layer which is estimated from the plateau region of C-f plot measured at zero bias
under dark. Vp denotes a diffusion potential, (defined by Vp=Vui -Er/q; where Fermi energy-
Er and built-in potential- Vbi). Ncv represents the carrier distribution profile corresponding to
calculated from C-V curves.

Figure 4a displays the M-S plots of respective devices. It demonstrates an increase in
diffusion potential (Vp)®® from 0.374 to 0.568 V for the device with PEASCN additive, which
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is parallel to the increase in the Voc. Figure 4b gives the wide U-shaped carrier profile
estimated from C-V spectra. According to our calculation by C-V analysis, the FASnIz film has
a bulk carrier density (NZ,) of ~2.36x10%® cm™ that has reduced to ~8.24x10%° cm™2 for the
film with PEASCN additive. Similarly, the edge of carrier profile accounts for the interface
defect profile (N}, ~3.84x10%8 for pristine to ~5.16x10%'cm™2 for the PEASCN additive) are
reduced by approximately on order for the device with PEASCN. A lower carrier density is
attributed to less Sn** densities and hence attenuated recombination in the device. Thus, the
Ncv results corroborate that the PEASCN additive mitigates the bulk defect at the space charge
region or intrinsic regime as well as interface defect profile. And hence it contributes to
improving the device parameters. A similar result was reported by Diau and co-workers
showing a reduction of carrier density in the device with pristine FASnI3 (7.2x10'® cm™) by a
few fractions in magnitude with butylammonium iodide as a functional additive (6.2x10®
cm).1% Lee et al. have also documented the carrier density suppressed by 3 orders of
magnitude for a Br-doped FASnl; device (6.76x10'" to 7.80x10% cm™).1" These reports
collectively implicate that the functional additive, as well as compositional engineering, are
beneficial for defect passivation. the Ncv profile also supports a longer carrier lifetime given
by TRPL results (Fig. 3e) as well as the reduction of the extent of oxidation of Sn?* as observed
in the XPS analysis (Fig.3d). Thus, it is believed that the organic cation (PEA*) as well as
pseudo halide (SCN™) play a vital role to improve optoelectronic properties of the Sn-HaP
absorber layer. Our work suggests that the functional additives with pseudohalide anion

derivatives could open a new door for further improvement in device performance and stability.

3. Conclusions

We fabricated Sn-HaPSCs of efficiency ~9.65% using phenethylammonium thiocyanate
(PEASCN) additive with superior stability. The FASnIs film with the pseudohalide functional
additive not only remarkably improved the film morphology and highly oriented crystal growth
but also inhibited Sn?*/Sn*" oxidation. We found that the FASnI; film with additive increases
the carrier lifetime and reduces the band offset. From capacitance analysis, the diffusion
potential (0.374 V for pristine) was found to be increased to 0.568 V for the device with
PEASCN additive with the suppression of defect densities in the bulk and at the interface. Our
report substantiates that the pseudohalide functional is expedient for the improvement of film
morphology and optoelectronic quality of FASnIs film that hikes the performance as well as
stability of Sn-HaPSCs.
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The organic cations with pseudohalide derivative as PEASCN additive in FASnlz film
improved the device efficiency and stability as a consequence of the reduction of the extent of
Sn?* oxidation and alleviation of defect characteristics.
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