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ABSTRACT 

Tin- perovskite solar cells (Sn-PSCs) have low energy conversion efficiency and stability due 

to facile oxidation of Sn2+ during precursor solution preparation and film growth. Herein, we 

introduced formohydrazide (FHZ) as a bidentate ligand into the Sn-halide perovskite (Sn-HaP) 

to improve the optoelectronic properties. This approach is found to be effective for the 

suppression of Sn-oxidation and interfacial energy band modulation. The depth profile 

distribution confirmed that the FHZ additive is primarily located on surfaces and HTL/Sn-HaP 

interface with partly capping at the grain boundaries which offers a reducing ambient in the 

Sn-HaP film. Therefore, the device with FHZ demonstrated the device efficiency of 12.87 % 

(9.93%- control) with enhanced open circuit voltage from ~0.734 to 0.874 V and improved 

operational device stability. The device analysis suggests that the FHZ additive alleviates the 

bulk and interface defect in the Sn-PSC with -NH2 and -O=C bidentate bonding to Sn-HaP, 

which is supported by theoretical calculations. Thus, this work corroborates the importance of 

multidentate ligands for modulating the film morphology and defect chemistry in the Sn-

perovskite for high efficiency and superior device stability. 
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1. Introduction 

Lead halide perovskite solar cells (Pb-PSCs) have demonstrated outstanding 

improvement in power conversion efficiency (PCE) scaled over 25% in the past decade.1 

However, the potential risk of Pb in health and the environment has imposed a hurdle in 

commercialization. Therefore, lead-free perovskite candidates have centred colossal attention 

to solve the toxicity issue of lead.2,3 Among the various alternative candidates, tin halide 

perovskite (Sn-HaP) derivatives are the most promising owing to their promising optoelectrical 

properties (such as small exciton binding energy, high carrier mobilities, and high absorption 

coefficients) with ideal bandgaps of 1.2- 1.4 eV.4 However, there is a gap in device 

performance between Pb- and Sn-PSCs. It has been documented that the intrinsic instability 

due to the facile oxidation of Sn2+ to Sn4+ leads to an increase in Sn2+ vacancy density,5 metal-

like behavior,6 and lower carrier diffusion length7 in Sn-perovskite film. 

Several reports have been documented on reducing Sn2+ oxidation,8–14 surface 

passivation,5,15,16 structural regulation,17,18 and bulk19 or interface engineering20 for the 

improvement in PCE as well as device stability in the Sn-PSCs.21 Template crystal growth with 

n-propylammonium iodide dripping has demonstrated the reconstruction of the intermediate 

phase into the preferred crystalline orientation.7 A thin top 2D layer was formed on the 3D-

HaP by post-treatment using such as phenethylammonium bromide (PEABr)/IPA22 or 4-

(trifluoromethyl)benzyl ammonium/chloroform.23 Many reports have used multifunctional 

bulky hydrophobic cation derivatives24–26 that form 3D/2D composite or hollow structures of 

Sn-perovskites resulting in promising device efficiency and stability. Similarly, the 

pseudohalide functional additives have been employed for defect passivation on the surface or 

bulk in Sn-perovskite.15,27 Ning and co-workers have documented well-controlled crystal 

orientation using SnI2.(DMSO)x adduct comprised with PEABr that scaled up its PCE.28 

Another competitive record result has been reported by modulating the 2D/3D microstructures 

of the Sn-HaP absorber layer using fluorine functionalized PEABr.19 Moreover, the 

multidentate additives are also found to be effective for modulating Pb and Sn-perovskite film 

growth and defect chemistry.29–33 Thus, functional additive engineering has been substantiated 

to be effective for the simultaneous realization of modulating the film microstructure and defect 

attenuation to obtain high-quality Sn-HaP films. 

Here, we introduced formohydrazide (FHZ) as a bidentate ligand in the Sn-HaP precursor 

solution to attenuate the extent of tin oxidation and optoelectronic quality of Sn-perovskites. 

We achieved a significant leaping of PCE from 9.93 to 12.87 % with superior device stability. 

It is observed that the FHZ additive results in high-quality Sn-HaP film with highly oriented 
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crystalline growth, well-compact film texture, long carrier lifetime, and passivation of Sn2+ 

oxidation chemistry. DFT results suggest that the FHZ adsorbed on Sn-HaP with stronger 

bonding to Sn sites. The ToF-SIM analysis revealed that the FHZ additive is mainly distributed 

on the surface and grain boundaries or at the HTL/HaP interface of the 3D-Sn-HaPs resulting 

in effective defect passivation. This work underscores a detailed insight into a functional 

additive in Sn-PSCs with comprehensive characteristic insights coupled with the first-

principles calculations.  

2. Results and discussion 

The Sn-HaP films were fabricated by spin-coating precursor solution with FHZ, bidentate 

ligand (-NH2 and -O=C) as shown in Fig. 1a, b. It has been documented that multifunctional 

ligands coordinate synergistically with Pb2+ ions via strong chemical bonds.31,34,35  It is aimed 

to improve the crystallization and passivating defect chemistry in the film by incorporating 

bidentate additive for the stronger bonding interaction to Sn-sites. As shown in Figure 1c, X-

ray diffraction (XRD) patterns of Sn-HaP films with various mol% of FHZ additive are 

displayed (Fig. S1). XRD patterns display the characteristic diffraction assigned to highly 

oriented crystallographic planes of (100) and (200) which can be assigned to the orthorhombic 

phase of FASnI3.
8,36 No additional peak in the small-angle regime (Fig. 1c, left) indicates the 

absence of 2D phase in Sn-HaP with FHZ additive. Although there is no shifting of 

characteristics XRD peak for the control or FHZ-added Sn-HaP films (Fig. 1c, right), the Sn-

HaP film with FHZ additive showed comparatively intensified XRD characteristic peaks 

compared to the control film. This observation corroborates that the FHZ additive improved 

crystallinity, but it is not incorporated in the Sn-HaP crystal lattice. For further confirmation, 

we prepared Sn-HaP film by mixing 60 mol% of FHZ in the control precursor solution. The 

XRD pattern (Fig. S2) shows a similar crystal growth with an additional crystallographic plane 

of (102) and (122) of Sn-HaP indicating multi-orientation growth with higher FHZ content.  

The absorption spectra of the films (Fig. S3) with varying FHZ contents are depicted in 

Fig. 1d. The spectral responses show a nuance effect at the band edge (inset in Fig.1d). The 

Sn-HaP with FHZ additive has rather steeper curve than the control film with slightly red 

shifting in bandgap (Fig. S4a). Moreover, Urbach energy estimated from absorption spectra 

(Fig. S4b) showed a lower value for the Sn-HaP film with FHZ additive (51 meV) compared 

to the control film (63 meV) suggesting suppression of defect at the band edge with the FHZ 

additive.37  

Figure 1e displays the normalized photoluminescence (PL) spectra showing a slightly red 

shift of the characteristic peak at the band edge. The PL peaks are found to be centred at 



5 

 

1.430  ±0.02 eV for the control and 1.416 ±0.02 eV for 12 mol% FHZ (Fig. S4c). These values 

are parallel to the bandgap estimated from absorption spectra. Besides that, the PL spectra (Fig. 

S5) showed a higher peak intensity compared to the control Sn-HaP film indicating ameliorated 

film quality with the FHZ additive. The Sn-HaP with 12 mol% FHZ showed the highest PL 

characteristic peak intensity that is also consistent with the XRD peak intensity. Since the FHZ 

additive does not incorporate in the crystal lattice, the difference in absorption and PL 

characteristic spectra stems from the passivation at the interface or on surface defect rather than 

the lattice modification.17,18 

 

Figure 1. Molecular structure of bidentate additive (formohydrazide) (a) and bidentate ligand 

coordinating with Sn2+ (b). Growth characteristics of the FASnI3 films with FHZ additive (0-

30 mol%). (c) XRD results (left- 2𝜃<10: XRD patterns; right- magnified-XRD characteristics 

peaks [(100) and (200)]. (d) Absorption spectra (inset; magnified spectra at the band edge), (e) 



6 

 

PL spectra, and SEM images of Sn-HaP films; FHZ additives; 0 (control) (f1), 12 mol% (f2), 

and 30 mol% (f3). 

 

Scanning electron microscopic (SEM) images of the control and FHZ additive films are 

displayed in Fig. 1f1-3 (Fig. S6). The films with FHZ additive exhibit comparatively compact 

and better film coverage by suppressing the pinhole’s densities. Moreover, one can see small 

granular features in the top SEM image in the control film which disappeared in the FHZ-added 

film. However, the film with a higher FHZ additive (≥20 mol%) was found to grow with 

pinholes and uneven morphology (Fig. S2b, S6). It is learned that the rapid crystallization of 

Sn-HaP film forms pinhole-rich morphology that can be decelerated by functional additive 

engineering38–43 and structural regulation.17,18 It is shown that morphology can be tuned by 

dripping hot antisolvent or solvent vapor annealing with DMSO.44 Some reports have 

documented the templated growth of Sn-HaP7 and SnI2.(DMSO)x complex28 in Sn-HaP 

precursor for the improvement in film growth and optoelectronic quality. In the line of growth 

mechanism, it is believed that the FHZ additive with -NH2 and -O=C extends the bonding 

interaction with SnI2 which plays a crucial role to slow down the crystal growth and inhibit 

defect chemistry.37,45 This facilitates the coarsening of grains and improves the Sn-HaP film 

quality. 

To evaluate the effect of the FHZ additive on the photovoltaic performance, we fabricated 

Sn-PSC with the device layer structure as shown in Fig. 2a, b. It revealed that the Sn-PSC with 

FHZ additive grows with larger and wider columnar cross-sectional bulk that could facilitate 

carrier transport and attenuates the recombination densities in the device. The current density-

voltage (J-V) characteristics with varying FHZ contents are given in Fig. S7 and the 

corresponding device parameters are summarized in Table S1. Figure 2c shows J-V curves of 

the control and the best Sn-PSCs with FHZ (12 mol%). The figures of merit are given in Table 

1. The control device achieved an efficiency of 9.93% (with JSC ~19.62 mA/cm2, VOC ~0.734 

V, and FF ~69.01%). The device with FHZ additive (≤12 mol%) in Sn-HaP (hereafter, Sn-PSC 

with FHZ) improved the device PCE of ~12.87% with a significant increase in VOC ~0.874 V 

and FF ~75.2% (steady-state JSC and PCE; Fig. S8). This remarkable enhancement is attributed 

to the high crystalline quality, compact film morphology, and defect passivation, as will be 

discussed later. Our result is in the range of reported device performance as listed in Table S2 

(supporting information). We observed a narrow distribution of device parameters (Figs. 2d 

and S9) for the Sn-PSCs with FHZ suggesting better reproducibility than the control device. 

Besides that, the Sn-PSCs with higher FHZ additive (>12 mol%) resulted in lower performance. 
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It is correlated to poor film morphology due to the deterioration of the Sn-HaP film surface and 

optophysical properties. 

Figure 2e displays the external quantum efficiency (EQE) of Sn-PSCs. It shows almost 

similar spectra response except for slightly higher EQE at lower and higher wavelength regimes 

suggesting the slight improvement at the interface or band edge with FHZ additive.46 The 

values of JSC calculated from the EQE spectra are 19.31 and 19.24 mA/cm2 for the device 

without and with FHZ additive, respectively. These results are parallel to the JSC from the J–V 

results (Fig. 2c). It reveals a little red shifting for the device with FHZ of the band edge 

estimated form EQE spectra (Fig. S10). It is in close agreement with the bandgap calculated 

from the PL characteristic peak and absorption spectra (Fig. S4).  

 

Figure 2.  Cross-sectional SEM image of control (a) and FHZ additive (b) Sn-PSCs. J-V curves 

of devices (■ forward/□ reverse scan direction) (control and FHZ additive (12 mol%) (c), 

statistics of device efficiency (𝜂) (d). EQE spectra (e). Operational stability of PSCs under 

MPPT conditions (f). 

Table 1. Summarized device parameters of the Sn-PSCs without and with FHZ additive under 

one sun irradiation. The average PCE and standard deviation (SD) are obtained from 4 batches 

(20 devices). 
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We evaluated the long-term operational stability of the encapsulated control and FHZ 

additive devices under maximum power point tracking (MPPT) conditions. The device with 

FHZ additive demonstrated superior operational device stability as depicted in Fig. 2f. The 

control device’s PCE dropped to <20% of initial PCE after 40 hours while the device with FHZ 

retained its PCE to ~62% of the original PCE after 120 hours. It corroborates that the Sn-HaP 

with FHZ is also propitious for the device’s stability. Although this work demonstrates an 

improvement in device performance and stability, tin-based PSC is still far behind Pb-based 

PSC. Therefore, it still demands much effort to resolve the limitation factors for device 

parameters and operational stability. 

To get insight into the enhancement in device performance, we investigated the 

characteristics of the control and FHZ devices. Figure 3a shows the light-intensity-dependent 

VOC of the device that accounts for the charge recombination behavior in the device.47 The 

control device estimates a slope of 1.59 kBT/q which is higher than the device with FHZ 

additive (1.22 kBT/q). It indicates a reduction in trap-assisted recombination in the FHZ 

device.48 

 

Figure 3. Light intensity dependence of VOC (a) and TPV decay curves (b) of the control and 

FHZ additives Sn-PSCs. TRPL decay spectra for corresponding films (c). 

 

We also evaluated the transient photovoltage (TPV) of respective devices depicted in Fig. 

3b by modulating VOC with transient illumination. The TPV decay curves demonstrated a 

longer carrier lifetime of 4.86 𝜇𝑠 for the device with FHZ additive than that for the control 

Device 
Scan 

direction 

J
SC

 

(mAcm
-2

) 

V
OC

 

(V) 
FF 

PCE 

(%) 
PCE Average ± SD 

Control F 19.77 0.747 0.665 9.82 
9.06 ± 0.73 

R 19.62 0.734 0.690 9.93 

FHZ F 19.64 0.869 0.747 12.75 
12.52 ± 0.47 

R 19.58 0.874 0.752 12.87 



9 

 

device (~3.52 𝜇𝑠), suggesting lower trap-assisted recombination. These characteristic results 

support the improvement in device performance with the FHZ additive.  It is in line with other 

reports.48,49  

To understand further carrier recombination, time-resolved photoluminescence (TRPL) 

responses (Figure 3c) were measured. The Sn-HaP film with FHZ demonstrates a longer carrier 

lifetime (𝜏1~27.8 ns) compared to the control film (𝜏1~10.5 ns). These results are in the range 

of other reports on Sn-HaP with functional additives.36,38,50  It suggests that the recombination 

pathways have been suppressed in the Sn-HaP film with FHZ additive. It ameliorates the 

surface chemistry and quenches of recombination densities in the Sn-HaP bulk with bidentate 

ligand bonding with -NH2 and -O=C bonding.33,51 

 

Figure 4. UPS spectra of the FASnI3 films without and with FHZ; (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) and (c) schematic energy levels. XPS-spectra (d) Sn 
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3d: 3d5/2 and 3d3/2 and (e) N1s of the surface of the Sn-HaP films without and with FHZ. ToF-

SIMS depth profile of Sn-HaP without and with FHZ additive for (f) 𝐶𝑁𝑂− signal and (g) 3D 

image reconstructed from the ToF-SIM depth profile for FHZ (𝐶𝑁𝑂−). 

 

To study the surface energy band, the control and FHZ-added films were characterized by 

ultraviolet photoelectron spectroscopy (UPS). It is found that the work function (𝜙) (Fig. 4a) 

and the difference between the valence band and Fermi level (𝛥𝐸𝐹,𝑉=EV-𝐸𝐹) (Fig. 4b) were 

slightly increased for the film with FHZ additive. The band structure (Fig. 4c, energy band 

diagram, Fig. S11) was constructed by accounting optical bandgap (Fig. S5). It shows that that 

the LUMO level offset of films (control and FHZ additive) with respect to ICBA changed from 

-0.02 and +0.08 eV while HOMO level offsets to the PEDOT: PSS are -0.1 and +0.03 eV. It 

demonstrates a down or upshift of 𝐸𝐶 and 𝐸𝑉 level and builds up a band offset with respect to 

PEDOT: PSS and C60 that could balance the carrier transport.20,52 It is documented that a spike 

at the interfacial band is propitious for suppressing interfacial recombination.53 It implicates 

that the energy band modulation of Sn-HaP with FHZ additive contributes for a slight increase 

in device parameters (especially VOC, FF) that partially supports for the enhancement in device 

performance. 

Furthermore, the surface chemistry of respective films was investigated by X-ray 

photoelectron spectroscopy (XPS) (Fig. S12). To evaluate the oxidation of Sn, we analyzed the 

Sn characteristic peaks deconvoluted into the Sn 3d (3d5/2 (3d3/2)) (Fig. 4d) at ∼486.7 (495.2) 

eV and 487.3 (495.7) eV which are attributed to the Sn2+ and Sn4+ species, respectively. It is 

found that the ionic percentage of Sn4+ in the Sn-HaP with FHZ additive is suppressed from 

12.16 to 7.74%. The XPS spectra for Sn2+ shift towards higher binding energy for Sn-HaP film 

with FHZ additive indicating the stronger interaction SnI2 and FHZ induced from bidentate 

coordination interaction (Sn2+-NH2 and Sn2+-O=C bonding). The XPS spectra of C and N (Fig. 

4e, Fig. S13) suggest that FHZ additive could introduce a stronger bonding strength against 

facile oxidation. FHZ, as a bidentate ligand can form a coordination complex with Sn2+ 

inhibiting oxidation on the surface and bulk of Sn-HaP film.30,54 Hence, it ameliorates the 

defect chemistries of Sn-HaP film resulting in better film quality and hence device performance. 

Moreover, the time-of-flight secondary ion mass spectrometry (ToF-SIMS) was carried 

out to confirm the distribution of Sn-HaP constituents and FHZ additive. The ToF-SIMS depth 

profiles (Fig. S14) show the key elements from the control and FHZ additive Sn-HaP films 

deposited on PEDOT:PSS/ITO substrates. Figure 4f (Fig. S14) revealed the signal 𝐶𝑁𝑂− ion 
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from FHZ distributed throughout the Sn-HaP film with a higher concentration at the surface or 

interface of PEDOT:PSS/Sn-HaP. The 3D image (Fig. 4g) visualizes the FHZ ( 𝐶𝑁𝑂− ) 

distribution. This result suggests that the FHZ distributes on the surface and at the interface 

which controls the extent of Sn oxidation in Sn-HaP as well as improves the HTL/Sn-HaP 

interface quality. It is also supported by other reports.23,30 Indeed, the FHZ at the interface will 

ameliorate the interface quality by minimizing the corrosive effect of PEDOT:PSS to the Sn-

perovskite bulk.55,56 Therefore, it is suggested that the FHZ additive plays a role in ameliorating 

the material chemistry and attenuation of defect densities. 

To explore the defect distribution, we investigate the capacitance characteristics of the Sn-

PSCs and evaluate the effect of FHZ additive on the carrier profile, which also accounts for the 

carrier distribution (free carrier and defect density)57–59 and ion or charge accumulation at the 

interface.60 For the quantitative analysis of the carrier and defect profile, the Mott-Schottky 

(M-S) curves and carrier profile (Eqn.1) were calculated by the relation.47 

NCV=−
2

𝑞𝜀0𝜀𝑠
 [

𝑑

𝑑𝑉
(

1

𝐶(𝑉)2)]
−1

                    (1)    

where C - capacitance per area, 𝜀0 -permittivity of free space, 𝜀𝑠
 - a dielectric constant of 

perovskite layer. NCV represents the carrier distribution profile corresponding to calculated from 

C-V curves.  

 

Figure 5. Capacitance analysis of devices; (a) M-S plots (symbol for scan direction; ■ 

forward/□ reverse). (b) Carrier profile calculated from C-V curves. C-f spectra (c, d) of devices 

under dark and illumination, respectively. 
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Figure 5a shows the M-S plots of respective devices with forward and reverse scan 

directions. One can see M-S curve hysteresis in the control device suggesting the lag of 

interfacial ionic motion or electric field induced by the charge accumulation at the interface.  

The diffusion potential (VD)47 is found to be increased from 0.657 V (the control) to 0.824 V 

(the device with FHZ). This is in line with a higher VOC in the FHZ device. Figure 5b displays 

a U-shaped carrier distribution calculated from the C-V curves. The C-V analysis revealed that 

the bulk carrier density (𝑁𝐶𝑉
𝐵 ) of ∼2.16×1016 cm−3 in the control device was reduced by half 

(∼8.76×1015 cm−3 for the device with FHZ additive). Similarly, the carrier profile at the edge 

which accounts for the interface defect profile is found to be decreased by approximately ~ 

one-fourth in the device with FHZ additive ( 𝑁𝐶𝑉
𝐼𝐹  ∼5.88×1018 for control to ∼1.48×1018 

cm−3 for the FHZ additive. It has been reported that the Sn-PSC with  butylammonium iodide 

additive has improved device performance with a reduction in the carrier density (7.2×1016 

cm−3 to 6.2×1016 cm−3).16 Similarly, the device with Br-doped FASnI3 has been reported the 

carrier density attenuated by 3 orders (6.76×1017 to 7.80×1014 cm−3).61 It indicates that 

functional additives or compositional engineering play a vital role in defect passivation. The 

NCV results consolidate that the FHZ additive mitigates the defect densities at the space charge 

region and interface. A lower NCV profile for the device with FHZ is analogous to a longer 

carrier lifetime and the suppression of Sn2+ oxidation. 

 Figure 5c shows capacitance-frequency (C-f) spectra of Sn-PSCs. The control device has 

a slightly larger value in the range of 1kHz to 50 kHz that stems from the Sn-HaP layer 

indicating a higher defect density. It is reported that the C-f spectra at a lower frequency 

signifies ionic motion or charge accumulation.60,62 The device with FHZ additive has a lower 

value indicating the suppressed ion or charge accumulation at the interfacial layer or electrode. 

Importantly, the C-f spectra under light (Fig. 5d) show a significantly higher capacitance at low 

frequencies compared to the high-frequency regime. It implies that the ion or carrier 

accumulation at the interface or electrode is significantly suppressed in the Sn-PSC with FHZ 

additive. It also explains the superior stability of the device with FHZ (Fig. 2f). Our work 

suggests that the functional ligand is advantageous for the improvement in the device 

performance and stability. 



13 

 

 

Figure 6. Adsorption energies and corresponding electronic density of states (DOS) computed 

for FASnI3 with and without a molecule on the SnI2-terminated surface. (a) Atom-projected 

DOS of the pristine SnI2-terminated slab model of FASnI3 and that with an O2 or FHZ molecule 

on the surface. The energy is measured relative to the valence band maximum of the pristine 

case. (b) Stable adsorption patterns of O2 or FHZ molecules on the SnI2-terminated surface and 

the corresponding adsorption energies. For FHZ, adsorption selectively on an Sn atom is also 

shown for comparison. The figures were created with VESTA.63 

 

Furthermore, we investigated the effect of the FHZ additive in Sn-HaP film by first-

principles calculations based on density functional theory (DFT), where a slab model of a SnI2-

terminated surface was employed.23,64 The computational details are described in the 

supporting information (experimental section and Fig. S15). Figure 6 shows DFT calculations 

results considering molecular interactions on the SnI2-terminated surface of FASnI3. An O2 

molecule is most stable when it is on top of an Sn atom, whose adsorption energy is 𝐸ad =

−0.57 eV. However, this configuration induces an in-gap state (Fig. 6a) formed mainly by the 

oxygen 2p state and the 5p states of the Iodine atoms near the adsorption site. The charge 

density distribution is shown in Fig. 6b. By contrast, when an FHZ is added on the SnI2-

terminated surface, the molecule is found to be most stable when it is off the Sn site, as given 

in Fig. 6b. The corresponding adsorption energy is 𝐸ad = −0.74 eV, indicating that FHZ stays 

more strongly on the surface with -N and -O bidentate interaction. Moreover, the DOSs in Fig. 

6a demonstrate that an FHZ does not induce any in-gap states which are deleterious to the 

photovoltaic performance. This trend is still observed even when an FHZ molecule is placed 

on top of Sn. These computational findings demonstrate the effectiveness of FHZ to passivate 

the FASnI3 surface without forming any undesirable in-gap states. Hence, the theoretical 
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calculations explain the improvement in device performance and stability achieved 

experimentally. 

3. Conclusions 

We have achieved the Sn-PSC of efficiency ~12.87 % and improved stability using 

formohydrazide additive (9.93 % for the control device). The FASnI3 with FHZ grows with a 

compact the film morphology and highly oriented crystallized film. It controlled the extent of 

Sn2+/Sn4+ oxidation benefiting from the bidentate ligand. The FASnI3 with FHZ enhances the 

carrier lifetime and modulate the band offset. ToF-SIMS results indicates that the FHZ additive 

is mainly situated at HTL/Sn-HaP interface and surface with partly capping at the grain 

boundaries. The capacitance analysis revealed that the device with FHZ has higher the 

diffusion potential (0.657 to 0.824 V) and attenuates the bulk or surface trap densities which is 

supported by theoretical calculations. These results suggest that the antioxidative functional 

additives could play a crucial role for inhibiting Sn2+ oxidation and defect passivation which 

improves the PCE and operational stability of Sn-PSCs. 

 

4. Experimental Methods 

4.1 Film and Device Fabrication Method and Characterizations 

We prepared Sn-HaP precursor (0.85 mol) by dissolving a 9.2:0.8:10:1 stoichiometric ratio of 

FAI, RbCl, SnI2, and SnF2 adding EDAI-0.01 M and PEABr-0.05 M in dimethyl sulfoxide 

(DMSO) solvent. Sn-HaP films with FHZ additive were prepared by varying FHZ molar ratios 

with respect to SnI2 content. The Sn-HaP films were deposited by spin-coating method using 

chlorobenzene as anti-solvent. The device was complicated with inverted device structure; 

ITO/PEDOT:PSS/Sn-HaP/ICBA/BCP/Ag. The fabrication details are given in Supporting 

Information. 

We investigated the Sn-HaP films by measuring X-ray diffraction, scaning electron microscope 

(SEM), X-ray photoelectron spectroscopy, ultraviolet photoelectron spectroscopy, 

photoluminescence spectroscopy, fluorescence lifetime spectrometer, absorption spectroscopy, 

Time-of-flight secondary ion mass spectrometry. 

Sn-PSC devices were characterized by measuring current density–voltage (J–V) curves, 

external quantum efficiency (EQE) spectra, transient photovoltage, and capacitance spectra.  

 The details of characterization conditions and instrumentation are mentioned in Supporting 

Information. 

4.2 Theoretical Calculations 
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We conducted first principle electronic structure calculations based on density functional 

theory using the Vienna ab initio simulation package (VASP)65 which iimpliments the 

projector-augmented wave (PAW) method.66 A detailed of computational procedure is given 

in the supporting information.  
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The formohydrazide, bidentate ligand in Sn-perovskite film enhanced the device efficiency to 

12.87% with superior stability. This improvement is as a consequence of the reduction of the 

extent of Sn2+ oxidation, reconstruction of the interface, and passivation of the defect in the Sn-

HaP film.  

 

 


