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Abstract

Tin (Sn)-based perovskites show great potential for environmentally friendly and

high-performance light-emitting diodes (LEDs). However, the development of

Sn-based perovskite LEDs (PeLEDs) lags significantly behind that of lead-based

perovskites. This is mainly due to the faster crystallization rate of Sn-based

perovskites that leads to a higher defect density in Sn-based perovskite films, thereby

serious non-radiative recombination. Here, we demonstrated a

buried-interface-modification (BIM) strategy to regulate the crystallization kinetics of

Sn-based perovskite films by using carboxylate as multifunctional surface modifiers.

We reveal that the buried interface is critical to improve the nucleation and

crystallization of Sn-based perovskite films. As a result, efficient near-infrared

Sn-based PeLEDs were achieved with an external quantum efficiency (EQE) of

11.9%. This work suggests an efficient and elegant route to obtain high-performance

Sn-based perovskite films and devices.

Introduction

Metal halide perovskites have emerged as promising candidates for next-generation

light-emitting diodes (LEDs), which is mainly due to their low-cost solution

fabrication, excellent photoluminescence, good charge mobility, high color purity, and

tunable bandgap.1-4 Despite the efficiency of perovskite LEDs (PeLEDs) having

surpassed 30%,5-7 the high-performance devices all contain toxic lead (Pb) element,

which raised concerns about environment and health issues.8, 9 Recently, tin

(Sn)-based perovskites have been regarded as one of the best alternatives for their

analogous optoelectronic properties.10-13 However, the performance of Sn-based

PeLEDs lags far behind their Pb counterparts. The low external quantum efficiency

(EQE) of Sn-based PeLEDs is mainly due to the presence of high density of defects

caused by the faster crystallization rate compared with Pb-based perovskites, which

results in serious non-radiative recombination.14-17



3

Buried interface is crucial for high-quality perovskite films. It has been investigated

that buried interface engineering can modulate Gibbs free energy of the perovskite

precursor solution and control the crystal nucleation and growth of perovskite films,

which has been proven to effectively improve the quality of Pb-based perovskite

films.18-20 However, the nucleation and crystallization control strategies developed in

Pb-based PeLEDs cannot expected to be straightforwardly translated to Sn-based

PeLEDs due to the remarkably difference of chemical composition.21-23 Therefore, the

effect of the buried interface to the nucleation and crystal growth mechanism of

Sn-based perovskite films are still not well understood.

In this work, we demonstrate a facile buried-interface-modification (BIM) strategy

to control the nucleation and growth process, which was investigated to improve

quality of Sn-based perovskite films effectively. By introducing carboxylate such as

formamidine acetate (FAAc) as multifunctional modifiers on the interfaces of

Sn-based PeLEDs, nucleation sites of Sn-based perovskite films were increased and

crystallization rate was retarded. As a result, high quality Sn-based perovskite films

with a lower defect density were achieved, which leads to high-performance

near-infrared (NIR) Sn-based PeLEDs with EQE of 11.9%. This value represents the

most effective NIR Sn-based PeLEDs.
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Results and discussion

We prepared Sn-based perovskites from precursors with the stoichiometry of FAI:

CsI: SnI2: additives= 0.9: 0.1: 1.0: x, where additives are SnF2, PEAI and Vitamin

B1.10 The SnF2 was used to inhibits tin oxidation and promotes uniform grain

distribution, PEAI's strong hydrogen bonding with FAI enhances crystallinity, and

Vitamin B1's steric hindrance effectively prevents perovskite nanocrystal aggregation

(Figure S1 and S2a). We also provided the summary of average EQE values and

detailed performance parameters with various additives in Figure S2b and

Supplementary Table 1, respectively, from which we find that multiple additives

(control) result in considerable enhancement in terms of both radiance and EQE

values. The schematic process of the interface modification was shown in Figure S3.

Briefly, FAAc was introduced as a modifier to treat the PEDOT:PSS substrate, rather

than being directly added to the perovskite precursor or used for post-treatment —

strategies that were proven to effectively improve crystal quality of perovskite

films.24-28

We fabricated Sn-based perovskite films on different substrates to compare the

effect of buried interface on crystallization. To analyze the surface characteristics of

unmodified PEDOT:PSS substrate (Control) and FAAc-modified substrate (With

FAAc), we measured the contact angle of perovskite precursor solution on the two

substrates (Figure 1a, b). The contact angle of the perovskite precursor solution on

PEDOT:PSS and FAAc-modified PEDOT:PSS substrate is ~20.6° and ~15.6°,

respectively. The reduction of contact angle suggests the improved surface wettability

of our FAAc-modified PEDOT:PSS, which can be attributed to the hydrophilic nature

of carboxyl.29 The carboxyl in FAAc has smaller size than sulphonate in PEDOT:PSS,

so they can form a denser hydrogen bond network at the buried interface, thereby

reducing the contact angle.22 As shown in Figure 1c-d, the morphology of perovskite

films before and after thermal annealing on both substrates was revealed by scanning

electron microscopy (SEM). Before the annealing, the control sample (perovskite
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films on PEDOT:PSS) showed poor uniformity with some crystal aggregation. In

contrast, the perovskite film on FAAc-modified PEDOT:PSS showed the uniform and

more nucleation sites for the growth of Sn-based perovskite films. These results are

probably due to the fact that FAAc modification can reduce Gibbs free energy of the

perovskite precursor solution and facilitate nucleation.21

According to the classical nucleation theory, the Gibbs free energy of heterogeneous

nucleation (ΔGhet) can be expressed as equations (1) and (2):30, 31

∆�ℎ�� = ∆�ℎ�� ∗ �(�) (1)

� � = 1
4

2 − 3cos� + 3���3� (2)

Where ΔGhom is the Gibbs free-energy of homogeneous nucleation, f (θ) is the contact

angle factor, θ represents the contact angle. Besides, it is worth noting that all the

perovskite films show leaf like morphological features, as the FAAc interface layer

enhances nucleation sites for the growth of tin-based perovskite films, thus exhibiting

more uniformity with smaller grains (Figure 1e-f).

Figure 1. (a, b) The contact angle of perovskite precursor solution without (a) and

with FAAc (b) on PEDOT:PSS substrate. (c-f) SEM images of FA0.9Cs0.1SnI3

perovskite films without and with FAAc before (c, d) and after annealing (e, f),

respectively.

In order to investigate the growth process of Sn-based perovskite films on the two
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substrates, in-situ UV-vis and PL measurements were performed during the annealing

process. Firstly, the absorption of the perovskite precursor films was studied by in-situ

UV-vis spectrometry. Within the first 6 s the absorption below 900 nm continuously

increases suggesting the formation of Sn-based perovskites on the PEDOT:PSS

substrate. After that, the absorption became constant indicating that the reaction is

complete and reflecting the fast crystallization process of Sn-based perovskite films

(Figure 2a). For the absorption of Sn-based perovskite films on FAAc-modified

substrate, the growth time was much longer (over 20 s to reach a constant) (Figure

2b). Then, we conducted in-situ PL measurements to provide direct proof of the

evolution of crystal growth and defect formation during the perovskite crystallization

process. As shown in Figure 2c-f, the perovskite emitters on PEDOT:PSS substrate

form at around 4 s from the start of annealing process, followed by a fast rise of PL

intensity and a blue-shift of PL peak, which suggests a rapid growth of crystals. The

drop in PL intensity from 12 s to 24 s can be attributed to the formation of numerous

defect-rich crystals. After that, the PL peak position kept constant and the PL intensity

increased to a stable value. Remarkably, the PL characteristic is very different when

FAAc was introduced to modify the surface of PEDOT:PSS. The PL intensity of the

perovskite films prepared on the FAAc-modified substrate increased for 60 s which

could be caused by much slower crystallization process. Therefore, the introduce of

FAAc can suppress grain aggregation which can lead to high density of defects,

therefore reduce PL quenching and non-radiative recombination.32Additionally, FAAc

can diffuse into the perovskite layer, which was confired by O 1s XPS spectra (Figure

S4), suggesting that the enhancement of PL could also result from defects passivation

within the perovskite bulk. The intensity of the PL is twice that of the samples without

FAAc, conforming the higher efficiency of luminescence.
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Figure 2. (a, b) In-situ UV-vis measurements of Sn-based perovskites without (a) and

with FAAc (b) during the annealing process. (c-f) In-situ PL measurements of

Sn-based perovskites without (c, e) and with FAAc (d, f) during the annealing

process.

To further understand the properties of Sn-based perovskite films with and without

FAAc modification, we proceed to investigate the crystallinity through X-ray

diffraction (XRD). As illustrated in Figure 3a, both of the perovskite films have

obvious diffraction peaks at 13.9° and 28.2° correspond to the (100) and (200) crystal

planes of FA0.9Cs0.1SnI3 perovskite. The relative intensities of (100) to (200) after

FAAc modification increased from 1.16 to 1.79, suggesting enhanced preferred grain

orientation. We observed that the full-width at half-maximum (FWHM) of the XRD

diffraction peaks increased, indicating that the crystallite size became smaller, which

likely led to the reduction in XRD diffraction intensity. The blue-shift of PL peak with

FAAc at room temperature further confirms the XRD results (Figure S5). We further

compare the properties of the films by assessing photoluminescence quantum yields

(PLQYs) as well as PL lifetime by Time-resolved PL (TRPL) technique, and the

results are shown in Figure 3b and 3c, respectively. Compared with the control

samples, the PLQYs of perovskite films on FAAc-modified substrate enhanced

dramatically. In addition, the transient PL lifetime of the films on FAAc-modified
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substrate also significantly increases, suggesting lower density of defects caused by

the slower crystallization process and suppressed trap-assisted non-radiative

recombination. The density of defects (Ntrap) was calculated through space charge

limited current (SCLC) method (Figure 3d) by the equation:33

����� =
2 ���0 ����

��2 (3)

Where Ɛr is relative dielectric constant of perovskite, Ɛ0 is vacuum dielectric constant,

e is elementary charge, d is perovskite film thickness, VTFL is trap-filled limit voltage.

The defects density decreased from 1.33x1018 cm-3 to 1.07x1018cm-3 after FAAc

midification, which verified the above results.

Next, we investigated the role of FAAc at the interface of PEDOT:PSS/tin-based

perovskite. The FAAc-modified PEDOT:PSS was washed with DMSO to simulate the

actual situation of perovskite solution spin coating on the substrate. The X-ray

photoelectron spectroscopy (XPS) results shown an increase of O-H on the surface of

PEDOT:PSS (Figure 3e), since FAAc contains a higher concentration of O-H. The

formation of hydrogen bonding between FAAc and PSS (Figure S6) prevents the

modifier from being completely rinsed away by the perovskite solution. We further

carried out Fourier transform infrared (FTIR) spectra to probe the coordination of

FAAc on the buried interface with tin-based perovskite. As shown in Figure 3f and

Figure S7, after introducing the SnI2 into FAAc, the C=O stretching vibration shifted

from 1720 cm-1 to 1710 cm-1, indicating a strong coordination interaction between

Sn2+and CH3COO-(Ac-).20, 34 The C=O group donates an electron pair to coordinate

with the under-coordinated Sn atoms, forming a robust C=O-Sn bond.35 Besides, the

scissoring vibration peak of N-H shifted from 1550 cm-1 to 1536 cm-1, suggesting the

formation of hydrogen bonds between Ac- and halides.26 The coordination between

C=O and Sn2+, as well as the hydrogen bonding can efficiently slow down the crystal

growth rate of the subsequently deposited perovskite films, which was well consistent

with the in-situ PL and in-situ UV-vis results.
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Figure 3. (a) XRD patterns, #indicates the diffraction data from the ITO substrate, (b)

PLQYs, and (c) TRPL of perovskite films fabricated without and with FAAc. (d) J-V

curves of the holy-only devices without and with FAAc modification. (e) O 1s XPS

spectra of PEDOT:PSS on silicon substrate, without and with FAAc modification, and

the FAAc-modified samples was washed out by DMSO. (f) FTIR spectra of FAAc and

the complex of FAAc and SnI2.

To evaluate the effect of the surface modification by FAAc molecule on devices

performance, PeLEDs devices were prepared by subsequential deposition of indium

tin oxide

(ITO)/PEDOT:PSS/Perovskite/2,2',2'-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimid

azole) (TPBi)/LiF/Al (Figure 4a). Figure S8 shows the cross-sectional image of the

device fabricated by FAAc modification. As shown in Figure 4b, the energy levels of

FAAc-modified PEDOT:PSS shift upwards, according to the ultra-violet

photoelectron spectroscopy (UPS) results (Figure S9), which facilitates the electron

blocking. The change in energy band of PEDOT:PSS could be attributed to the

formation of hydrogen bonds between PSS and FAAc, thereby regulating the surface

potential and energy levels of PEDOT:PSS.36 The energy level of ITO, perovskite,

TPBi and LiF/Al are taken from references.10, 11 Different concentrations of FAAc on

PEDOT:PSS substrate were investigated (Figure S10). When the PEDOT:PSS was
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treated with the optimal concentration of FAAc, the peak EQE and radiance of the

champion PeLEDs increased from 8.2% and 47 W sr-1 m-2 to 11.9% and 56 W sr-1 m-2

(Figure 4c, d), which is comparable to the highest reported efficiencies for

near-infrared Sn-based PeLEDs (Figure S11).11 The normalized EL peaks of two

PeLEDs are 896nm and 894nm, respectively (Figure 4e). It is worth noting that the

operational lifetime improved significantly through our BIM strategy (Figure S12a),

due to the fewer defects in the perovskite films with FAAc modification. And the

shapes of EL spectra for both devices remain unchanged at various voltages (Figure

S12b-c). To observe the luminescence of the devices, the NIR photographs of both

devices at different operating voltages were recorded by an NIR camera (Figure S13).

Additionally, the FAAc was added into perovskite solution directly. The results

revealed that the morphology, PLQY and TRPL of the perovskite film were

comparable to the control sample (Figure S14). Consequently, no significant

enhancement in device performance was observed (Figure S15). Similarly, the effect

of DMSO interface treatment and FAAc post treatment (on top of perovskite) was not

significant (Figure S16 and Figure S17), further indicating the effectiveness of FAAc

at the buried interface. To verify which component in FAAc plays a major role in

improving device performance, we compared it with the interface modifiers of MAAc

and FAI. As shown in Figure S18, the devices based on MAAc exhibit significantly

improved EQE compared to the PeLEDs based on FAI interface modification. These

results further demonstrate that the buried interface greatly affects the performance of

tin-based PeLEDs, and modifiers with carboxyl can be a general strategy for

obtaining high- quality tin-based perovskite films and efficient devices. Moreover, the

average peak EQEs of PeLEDs fabricated on FAAc-modified substrates is 9.6%

(Figure 4f), suggesting that the buried-interface-modification (BIM) strategy has high

reproducibility.
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Figure 4. (a, b) Schematic illustration of the device architecture (a) and energy-level

diagram (b). (c-f) EQE-J curve (c), J-V-R curve (d), EL spectra (e) and histograms of

maximum EQE (f) based on FA0.9Cs0.1SnI3 perovskite films without and with FAAc.

Conclusions

In summary, we demonstrated the critical role of buried interface on the

crystallization of Sn-based perovskites. The BIM strategy can significantly regulate

the nucleation sites and crystallization rate, avoiding the aggregation of perovskite

grains, thereby obtaining high-quality tin-based perovskite films with smaller grains

and lower defect density. We demonstrated that the carboxylate, such as FAAc and

MAAc can reduce Gibbs free energy of the perovskites by forming denser

hydrogen-bonding network on PEDOT:PSS substrates, thereby reducing contact angle

and increasing nucleation sites. Additionally, modifiers with a strong coordination

ability with Sn2+ are more effective to achieve high crystal quality by regulating the

crystallization kinetics, leading to improved electroluminescence efficiency. As a

result, the near-infrared PeLEDs based on FA0.9Cs0.1SnI3 perovskite films on the

FAAc-modified substrates exhibited a high peak EQE of 11.9% with a radiance of 56

W sr-1 m-2. Our work provided an efficient and low-cost route for fabricating

high-performance Sn-based perovskite optoelectronics.
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Experimental Section

Synthesis and materials preparation

The molar ratio of FAI, CsI, SnI2, PEAI, SnF2 and VmB1in the perovskite solution

is 0.9: 0.1: 1.0: 0.2: 0.2: x. For the preparation of 1 mL of perovskite solution, a 500

mg/ml FAI solution, a 100 mg/ml PEAI solution, and a 100 mg/ml CsI solution were

first prepared using DMSO as the solvent. VmB1, SnI2, and SnF2 were then dissolved

in a mixed solvent of DMF/DMSO (v/v = 1:4, 14 wt%) with a molar ratio of x: 1: 0.2.

Additionally, 0.02 M Sn powder was added to suppress the oxidation of Sn2+. The FAI

solution, PEAI solution, and CsI solution were dripped into the precursor solution

according to the molar ratio of FAI: CsI: SnI2: PEAI = 0.9: 0.1: 1: 0.2. After thorough

mixing, the solution was filtered. PEDOT:PSS (Clevios P VP4083) was diluted in

deionized water with a v/v ratio of 1:4. The modifying material was dissolved in

DMSO to obtain solutions of FAAc, MAAc and FAI. TPBi (Xi’an Polymer Light

Technology Corp, 99.9%) and LiF (Shanghai Han Feng Chemical Co., Ltd, 99.9%)

were used as received.

Device fabrication

The LED devices were fabricated on ITO-coated glass substrates with an area of

2.5 mm². The PEDOT:PSS was deposited on the ITO glass as hole transport layer at a

speed of 5,000 rpm for 50 s and then annealed at 150°C for 10 min. Next, the FAAc

solution was spin-coated on the PEDOT:PSS film at a speed of 4,000 rpm for 30 s,

followed by annealing at 100°C for 10 min. Subsequently, the perovskite layer was

prepared by spin-coating the perovskite precursor solution onto the modifying layer

FAAc film at a speed of 5,500 rpm for 60 s, and then annealed at 65°C for 5 min.

Finally, the TPBi, LiF, and Al layers were thermally evaporated. The holy-only

devices were fabricated with the structure of ITO/PEDOT:PSS/Perovskite/PTAA/Al.

Characterizations

The device was characterized inside a nitrogen-filled glovebox via a system



comprising a Keithley 2440 5A SourceMeter, a fiber-optic integrating sphere

(FOIS-1), and a NOVA2S spectrometer. All measurements were carried out without

imposing any bias voltage on the devices. The ultraviolet-visible (UV-vis) absorption

spectrum was obtained by employing a spectrophotometer equipped with an

integrating sphere. The photoluminescence spectre were recorded with a NOVA2S

spectrometer, utilizing a 375 nm continuous wave (CW) laser as the excitation source.

In-situ photoluminescence (PL) spectra were also collected by using a NOVA2S

spectrometer and excited with a 375 nm CW laser. The photoluminescence quantum

efficiency (PLQE) was determined by means of an integrating sphere system and a

375 nm CW laser acting as the excitation source. Time-resolved PL measurements

were performed with an Edinburgh Instruments Spectrometer (FLS980) with a 375

nm pulsed laser for excitation. X-ray diffraction (XRD) data were collected using a

Rigaku D/MAX-Ultima III diffractometer. Scanning electron microscopy (SEM)

images were obtained with a Zeiss G500 high-resolution SEM. The Fourier transform

Infrared spectra (FTIR) measurement were characterized by PE-Spectrum Two in

transmittance model. Ultraviolet photoelectron spectroscopy (UPS) measurements

were carried out using an AXIS SUPRA+ instrument. X-ray photoelectron

spectroscopy (XPS) spectra were acquired with an AXIS SUPRA+ X-ray

photoelectron spectrometer. To avoid atmospheric exposure, all samples were

transferred to the XPS chamber through a nitrogen-filled glovebox to avoid

atmospheric exposure. The samples for STEM and HAADF images were prepared

using an FEI Helios dual-beam FIB workstation equipped with an in-situ

micromanipulator and Pt gas injection system.



Figure S1. SEM images of FA0.9Cs0.1SnI3 perovskite films with different additives. (a)

No additive, (b) SnF2, (c) PEAI and (d) Vitamin B1

Figure S2. (a) XRD patterns of perovskite films with different additives, #indicates

the diffraction data from the ITO substrate, (b) EQE-J curve and (c) J-V-R curve of

tin-based PeLEDs based on different additives.



Figure S3. Schematic process for preparation of Sn-based perovskite films through

buried-interface modification with modifier.

Figure S4. XPS core level spectra of O 1s for the tin-based provskite films without

and with FAAc on silicon substrates under the depth of 20 nm.



Figure S5. PL spectra of Sn-based perovskite films without and with FAAc

modification at room temperature.

Figure S6. FTIR spectra of PEDOT:PSS, FAAc and the complex of PEDOT:PSS and

FAAc.

Figure S7. FTIR spectra of Sn-based perovskite films without and with FAAc.



Figure S8. (a) STEM and (b) HAADF images of the tin-based perovskite device.

Figure S9. UPS spectra (He I= 21.22 eV) of PEDOT:PSS without and with FAAc

modification on silicon substrate. The FAAc samples were washed out by DMSO.

Figure S10. The EQE-J curve (a) and J-V-R curve (b) of tin-based PeLEDs with

different concentrations of FAAc.



Figure S11. Development of near-infrared Sn-based PeLEDs.1-15

Figure S12. (a) Operational stability of Sn-based perovskite devices without and with

FAAc at a constant density of 1 mA/cm2. EL spectra of devices without (b) and with

FAAc (c) under various voltages.

Figure S13. NIR photographs of tin-based perovskite devices without and with FAAc

at different bias



Figure S14. (a) SEM image, (b) XRD pattern, (c) PLQY, and (d) TRPL of tin-based

perovskite film with FAAc in perovskite solution.

Figure S15. The EQE-J curve (a) and J-V-R curve (b) of tin-based PeLEDs with and

without FAAc in perovskite solution. The content of FAAc in precursor was

optimized.



Figure S16. The EQE-J curve (a) and J-V-R curve (b) of tin-based PeLEDs with and

without DMSO treatment.

Figure S17. The EQE-J curve (a) and J-V-R curve (b) of tin-based PeLEDs post

treated by FAAc.

Figure S18. The EQE-J curve (a) and J-V-R curve (b) of tin-based PeLEDs modified

by FAI, MAAc and FAAc.



Supplementary Table 1. A summary of PeLED characteristics with different

additives.

Additives EL(nm) FWHM(nm) R（W sr-1 m-2） EQE(%)

None 896 62 5±4(15) 0.2±0.1(0.3)

SnF2 896 61 15±9(20) 0.5±0.1(0.6)

PEAI 896 70 19±9(25) 2.0±0.4(2.5)

Vitamin B1 892 63 14±9(20) 1.5±0.3(2.0)

Control 896 69 38±13(45) 7.5±0.8(8.4)

Summarized from ten individual devices.
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