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Abstract

The  commercialization  of  perovskite  solar  cells  is  mainly  limited  by  their  operational  stability.

Interlayer modification by thin interface materials between the perovskite and the charge transport

layers is one of the most effective methods to promote the efficiency and stability of perovskite

devices. However, the commonly used interlayer materials do not meet all the demands, including

good film quality, excellent stability, and passivation capability without interfering with the charge

transport.  In  this  work,  we  propose  a  new  material,  water  stable  haloplumbate  [TBA]PbI3 for

interfacial modification, which is formed on the perovskite surface  in-situ by  tetra-butylammonium

iodide (TBAI) treatment. Benefiting from its passivation effect and robustness, the modified devices

result  in  a power  conversion efficiency  of  22.90% with excellent  environmental  and operational

stability. 
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Introduction

Perovskite solar cells have shown great promise for photovoltaic applications due to their low cost
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and high power conversion efficiency (PCE).1-7 Their PCE has increased from 3.8%8 to certified

25.5%9 in the past decade, ascribed to their excellent optical and electronic properties, such as

tunable bandgap, high absorption coefficient,  and long charge carrier lifetime.2,10-12 However, the

instability of perovskite materials still restricts their large-scale commercialization.1,13-15 This is the

result of multiple factors, such as the reactivity to moisture, oxygen, thermal stress, voltage bias,

and light, which cause the unexpected degradation of PSCs.16-18 

In recent years, interfacial engineering of thin interlayers on the surface of the perovskite layer is

proved to be one of  the most  effective methods for  improving the stability of  PSCs.19 This has

involved  various  molecular  assemblies20-23 as  well  as  graphene  composites24,  along  with  low-

dimensional  perovskites25,26,  polymers27,  and inorganic  materials28.  An ideal  interfacial  modulator

should fulfill several requirements, namely: (i) forming a well-defined compact structure with good

coverage, (ii) featuring excellent stability against environmental and operational conditions, with (iii)

appropriate energy alignment, along with the (iv) passivation capacity. A compact and well-covered

interlayer can prevent  water and oxygen from damaging the perovskite layer underneath,  while

preventing the volatile species from being released, whereas the interlayer itself should be stable

against  moisture,  oxygen,  thermal,  and  other  operating  factors  to  provide long-term protection.

Finally, the interlayer should ideally have a good energy level alignment, so that it would not limit the

charge carrier extraction, while it should also be able to passivate defects on the surface of the

perovskite layer, which could contribute to the overall photovoltaic performance. 

Haloplumbates  are  low-dimensional  organolead  halide  complexes  which  contain  a  lead  halide

[PbnXm] octahedral framework different from the one in hybrid halide perovskites. They have been

studied  due  to  their  diverse  crystal  structure29-33,  luminescence33-36 and  thermal  stability29,31,37.

Recently, [Pb8I8(H2O)3]8+[-O2C(CH2)4CO2
-]4 haloplumbate was used for photocatalytic water splitting,

showing  excellent  photoelectrical  properties  and  superior  moisture  resistance.39

Tetrabutylammonium lead iodide ([TBA]PbI3) is another type haloplumbate with excellent stability in

water and under thermal stress.28,38 Based on these unique properties, haloplumbates are potential

candidates for interfacial modulators of hybrid perovskite devices. 

TBA+ has  been  reported  to  assist  crystallization  and  film  formation  to  improve  photovoltaic

performance  and  act  as  hydrophobic  materials  to  promote  stability  with  formation  of  low-

dimensional  materials  when  used  as  additives,40-44 and  most  recently,  as  post-treatment

materials45,46 during the submission of this paper. Inspired by these results, it is possible to form

[TBA]PbI3 on the surface of perovskite with TBAI treatment. In this work, we systematically studied

the properties of [TBA]PbI3 and introduced it on the surface of the perovskite layer through an in-situ

reaction between the perovskite and TBAI, which was found to be self-limiting and well-defined on

the surface of perovskite layer without affecting the underlayer while significantly reducing the trap

density. As a result, we obtained solar cells with efficiencies up to 22.90% and outstanding stability

against moisture and heat under operating conditions.

Results and discussion 
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The haloplumbate single crystal of [TBA]PbI3 was isolated through slow evaporation process of the

precursor solution of  PbI2 and TBAI (Figure 1a;  experimental  details  provided in the supporting

information), forming yellow rod-like crystals (Figure S1). The X-ray diffraction (XRD) pattern of the

crystal  is identical  with the calculated [TBA]PbI3 pattern (Figure 1b),  evidencing its formation. It

crystallizes in tetragonal space group I-42d with a 1D face-sharing inorganic chain (Figure 1a). 
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Figure  1.  Characterization  of  [TBA]PbI3 haloplumbate  phase.  a,  Simulated  and  experimental  X-ray

diffraction  (XRD)  patterns  of  [TBA]PbI3 single  crystals.  The  simulated  pattern  is  based  on  the  reported

structure of [TBA]PbI3 (CCDC no. 994586).38  b, Crystal structure of [TBA]PbI3. c, XRD patterns of [TBA]PbI3

single crystals immersed into deionized water (DI) and chlorobenzene (CB) for 5 days. d, Thermogravimetric

analysis of [TBA]PbI3 single crystals. e, UV-vis absorption spectrum of [TBA]PbI3. The inset shows the energy

band gap of [TBA]PbI3 and the valence and conduction band positions.
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To assess the stability to moisture, the [TBA]PbI3 crystals were immersed into deionized (DI) water

at  ambient  temperature.  Moreover,  since chlorobenzene (CB) is used for  depositing the charge

transport layer, the stability in CB was also tested. The XRD patterns of [TBA]PbI3 crystals in DI

water and CB show no apparent change after 5 days (Figure 1c),  suggesting that  [TBA]PbI3 is

stable under these conditions. The thermal stability was further tested by thermogravimetric analysis

(TGA) to show that [TBA]PbI3 remains stable below 200°C (Figure 1d), losing 44.69% weight only at

210–380°C and the remaining 52.18% weight at 380–640°C, which corresponds to the volatilization

of TBAI and the sublimation of lead iodide (PbI2), respectively.38 The TGA demonstrates excellent

stability of [TBA]PbI3 against heat in the typical temperature range of perovskite device operation.

Finally, the energy band structure of [TBA]PbI3 was analyzed by the UV-vis diffuse reflection (Figure

S2a and b)  and the valence band X-ray  photoelectron spectroscopy (VBXPS;  Figure  S3).  The

valence  band  maximum  (VBM)  of  [TBA]PbI3 was  found  to  be  5.21  eV  (Figure  1e;  procedure

described  in  the  supporting  information),  between  the  VBM  of  widely  used  hybrid  perovskite

compositions  and  the  highest  occupied  molecular  orbital  (HOMO)  of  2,2’,7,7’-tetrakis[N,N-di(4-

methoxyphenyl)amino]-9,9’-spirobifluorene (Spiro-OMeTAD; Figure S4), which is beneficial for the

hole extraction.47,48 In summary, [TBA]PbI3 has shown excellent water and thermal stability, as well

as good energy band alignment, suggesting that it can be a suitable interfacial modulator.

Having demonstrated these excellent properties of [TBA]PbI3, it was deposited onto the perovskite

surface by using the solution of TBAI in chloroform (CHCl3), a solvent that was shown not to affect

the perovskite layer.49 This procedure results in the formation of the [TBA]PbI3 in-situ (experimental

details are provided in the methods section). The mixed organic cation perovskite FA1-xMAxPbI3 was

deposited  by  a  two-step  spin-coating  method  as  control  sample.22,50 The  [TBA]PbI3 layer  is

envisaged to exist on the surface of the perovskite layer without damaging the perovskite grains

(Figure 2a). The top-view scanning electron microscopy (SEM) images (Figure 2b and c) show an

obvious  change  of  perovskite  film morphology  after  the treatment,  which  involves  reducing the

number  of  pinholes  and  grain  boundaries  that  may  cause  shunts  and  stronger  non-radiative

recombination. Upon TBAI treatment, a thin layer with good coverage forms on the surface of the

perovskite layer, which fills the pinholes and grain boundaries. This is in accordance with the atomic

force microscopy (AFM) (Figure S5a, b) showing a reduced Root Mean Square (RMS) roughness

from 33.5 nm to 21.3 nm. To assess the structural properties of the layer, XRD measurements were

performed. The XRD patterns (Figure 2d) show four new diffraction peaks at  7.2°, 10.2°, 14.44°,

and  16.16°,  corresponding  to  the  <200>,  <220>,  <400>,  and  <420>  planes  of  [TBA]PbI3,

respectively.38 Furthermore, the intensity of the PbI2 peak at 12.6° decreases after TBAI treatment

upon formation of [TBA]PbI3 comes through the reaction with PbI2. This is further evidenced by the

XRD patterns of  the PbI2 films treated with  TBAI  (Figure  S6),  which revealed the formation of

[TBA]PbI3  under these conditions. 2D grazing-incidence X-ray diffraction (GIXRD) patterns (Figure

2e, f) show four new scattering rings upon TBAI treatment, evidencing formation of 1D [TBA]PbI3 on

the surface of perovskite layer in random directions parallel to the substrate.
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Figure 2. Modulated perovskite film characterization. a, Simplified scheme presenting the perovskite films

modulated with [TBA]PbI3. b–c, Top-view scanning electron microscopy (SEM) images of the FA1-xMAxPbI3

and TBAI-treated perovskite films. d, XRD patterns of the FA1-xMAxPbI3 and TBAI-treated perovskite films. e–f,

Two-dimensional (2D) grazing-incidence X-ray diffraction (GIXRD) patterns of FA1-xMAxPbI3 and TBAI-treated

perovskite films (yellow circles in f indicate the formation of new signals). g, GIXRD patterns of TBAI-treated

perovskite films at different incidence angles.

Interestingly, the reaction between the perovskite and TBAI was found to be self-limiting. In general,

when depositing a 2D perovskite overlayer through an in-situ reaction process, the larger organic

cations exchange with the smaller cations in the perovskite layer continuously until the entire 3D

perovskite layer is converted to 2D perovskite.51 In contrast, the reaction between perovskite and

TBAI  stops  after  forming  a  thin  layer  of  [TBA]PbI3.  To  demonstrate  this,  we  immersed  three

perovskite films into isopropanol (IPA) and the solutions of either n-butylammonium iodide (BAI) or

TBAI in IPA (Figure S7). The BAI was employed as a widely used organic cation for 2D perovskites.

The  edge  of  the  film  in  IPA turns  yellow  after  6  hours  as  the  perovskite  layer  suffers  from

degradation in IPA, whereas the film immersed in the solution of BAI completely turns yellow after

the same period of time. The XRD patterns of the corresponding films (Figure S8a) show intense

PbI2 peaks and weaker perovskite peaks over time, indicating that the cation exchange process

accelerates the degradation of the film. However, the film placed in the TBAI solution remains black

even after 24 h, and the corresponding XRD patterns maintain the original intensity (Figure S8b),

indicating that the reaction is self-limiting. 
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As a result,  the  TBAI  treatment  is  supposed to influence the surface of  the perovskite  without

affecting the bulk. To probe this effect on the distribution of [TBA]PbI3, we analyzed  GIXRD with

different incidence angles (Figure 2g). With the increase of the incidence angles, the perovskite

peak intensities increase, yet the [TBA]PbI3 peaks become stronger for incidence angles up to 5°,

after which they become weaker and disappear with further increase of the angle of incidence. This

suggests that [TBA]PbI3 mainly exists on the surface of the perovskite layer52,53, which is further

analyzed by  X-ray  photoelectron spectroscopy (XPS). The XPS spectra of perovskite films show

shifts of peak positions in the N 1s core level range (Figure S9a), featuring two peaks at binding

energies of 400.15 eV and 400.45 eV, corresponding to the N atoms in the formamidinium (FA+) A

cation54. In the [TBA]PbI3-modulated sample, there is only one peak at 401.38 eV corresponding to

N(C4H9)4
+, which indicates complete transformation of the perovskite to [TBA]PbI3 on the surface.

The  Pb  4f  and  C 1s  core  level  spectra  (Figure  S9b,  c) also  show apparent  peak  shifts  upon

[TBA]PbI3 modulation. In addition, the C=O signal at 288.05 eV in the C1s spectra (Figure S9c) of

the control sample disappears upon TBAI treatment, which suggests that TBAPbI3 could protect

perovskite from moisture and oxygen in the air22. To prove this effect, we immersed the perovskite

films into DI water (Movie S1 and S2, supporting information).  While the control film completely

turns yellow after 7 seconds, the [TBA]PbI3-modulated film (obtained by immersing the perovskite

film into TBAI solution) remains black in 1 minute, which indicates that the [TBA]PbI3 interlayer could

have a protective effect.

We thereafter investigated optical and electronic properties of the  [TBA]PbI3-modulated films and

devices.  The  steady  state  photoluminescence  (PL)  spectroscopy  (Figure  3a)  shows  a  fivefold

enhancement in PL intensity upon TBAI treatment, suggesting that [TBA]PbI3 might passivate the

defects of perovskite film to suppress the non-radiative recombination. Accordingly, time-resolved

photoluminescence (TRPL) spectroscopy (Figure 3b) reveals an increase in charge carrier lifetimes

from 500.01 ns to 1049.03 ns (Table S1, supporting information), whereas confocal PL mapping of

control  and  [TBA]PbI3-modulated  perovskite  films  (Figure  3c)  shows  an  increase  in  the  PL

brightness of the surface from 120.60 to 155.26 after TBAI treatment. This is likely caused by the

passivation of defects on the surface and at the grain boundaries of the perovskite.55 To quantify the

electron-trap  densities  (nt)  in  the  control  and  [TBA]PbI3-modulated  devices,  the  space-charge-

limited-current  (SCLC) measurements were performed (experimental  details  are provided in  the

Experimental Section) with an electron-only device structure of  ITO/SnO2/FA1-xMAxPbI3/PCBM/Au

(ITO for indium tin oxide; Figure S10).50,56 The trap filled limit voltage (VTFL) decreases from 1.050 V

to 0.625 V, corresponding to the reduced density of trap states in the perovskite film from 9.9×10 15

cm-3 to  5.9×1015 cm-3 upon  TBAI  treatment,  which  is  particularly  relevant  for  the  photovoltaic

performances.47,50
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Figure 3. Photoluminescence of modulated perovskite films. a, Steady state PL spectra of FA1-xMAxPbI3

and [TBA]PbI3-modulated perovskite films. b, Time-resolved photoluminescence spectra of FA1-xMAxPbI3 and

[TBA]PbI3-modulated perovskite  films.  c,  d,  Confocal  PL mapping  of  the  intensity  on  FA1-xMAxPbI3 and

[TBA]PbI3-modulated perovskite films.

The  photovoltaic  devices  were  fabricated  with  the  ITO/SnO2/FA1-xMAxPbI3/spiro-OMeTAD/Au

architecture  as  our  previous  report.50 The  best  device  demonstrated  the  efficiency  of  22.90%

(VOC = 1.15V,  JSC = 24.81 mA cm-2,  FF = 80.27%),  which has been improved as compared to the

control  device  with  an  efficiency  of  21.53% (VOC = 1.12V,  JSC = 24.80 mA cm-2,  FF = 77.64%).  In

addition,  the [TBA]PbI3-modulated device showed a lower hysteresis factor  compared to control

device (Figure S11 and Table S2).  The average efficiency and repeatability were also improved

(Figure S12), whereas the integrated current density calculated from the external quantum efficiency

(EQE) was found to be 23.94 mA cm-2 (Figure 4b), which is consistent with the current-voltage (J-V)

measurements.  This  improvement  in  the  photovoltaic  performances  is  likely  related  to  the

passivation effect of [TBA]PbI3.

To further study the dynamics of carriers, we analyzed the transient photovoltage decay (TPV). TPV

decay curves (Figure 4c) show a higher recombination constant (τr), from 2.87 μs to 6.45 μs, in

accordance with the slower surface recombination in the modulated devices. Electrical impedance

spectroscopy  (EIS)  spectra  (Figure  S13)  also  corroborated  with  the  reduced  non-radiative
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recombination, showing increased recombination resistance (Rre) of the [TBA]PbI3-modulated device

from 2736 Ω to 3646 Ω (Table S3).57,58
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Figure 4. Device performance and stability. a, Current density-voltage (J-V) curves of  FA1-xMAxPbI3 and

[TBA]PbI3-modulated devices. b, External quantum efficiency (EQE) spectra of [TBA]PbI3-modulated device.

c, Normalized transient photovoltage (TPV) decay curves of FA1-xMAxPbI3 and [TBA]PbI3-modulated devices.

d, Normalized power conversion efficiency (PCE) of devices stored in the air with 70% relatively humidity (RH)

under dark and e, Normalized PCE of devices stored in nitrogen-filled glove box under elevated temperatures,

five control devices and five [TBA]PbI3-modulated devices were tested, the error bars were based on results of

five devices, and they are the standard deviations.  f, Normalized PCE of devices measured by maximum

power point tracking (MPPT) under 1 sun illumination at room temperature.

Considering  the  self-limiting feature  of  the  [TBA]PbI3 layer, devices  with  the  perovskite  layer

immersed in  the TBAI  solution in  CHCl3 for  different  periods of  time show almost  identical  J-V

curves, evidencing that the immersion time does not influence the device performance (Figure S14

and Table S4).  To exclude the effect of the solvent used, we compared the performances of the

control devices, the  CHCl3 modulated devices, and the TBAI/ CHCl3  solution treated ones (Figure

S15).  The  results  show that  the  CHCl3  modulated  devices  have  no  increase  in  efficiency  and

repeatability.

We thereby investigated the humidity,  thermal,  operational,  and long-term stability of  [TBA]PbI3-

modulated devices. We exposed the control and [TBA]PbI3-modulated perovskite films to air at 75%

relative humidity (RH) at ambient temperature and monitored their changes. While the control film

decomposed after 48 h, the [TBA]PbI3-modulated film featured no visual change after 120 h (Figure

S16). Accordingly, the efficiencies of [TBA]PbI3-modulated devices show higher resilience than the

control devices in the moist air (Figure 4d). The thermal stability of the [TBA]PbI3-modulated devices

is also improved, especially at temperatures above 70 °C (Figure 4e). The  [TBA]PbI3-modulated

perovskite films show a lower decomposition rate (Figure S17) under environmental conditions and
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thermal stress. In addition, the efficiencies of devices show no change under long-term storage

(Figure S18). Under continuous maximum power point tracking operation, the [TBA]PbI3-modulated

device maintains 86% efficiency after 200 hours while the efficiency of the control device reduced

significantly (Figure 4f).

Conclusion

In  summary,  we have introduced haloplumbate  materials  based on  tetra-butylammonium (TBA)

organic moieties as the interfacial modulator for PSCs. The haloplumbate [TBA]PbI3 forms in-situ at

the interface between perovskite and hole transport layer with excellent stability and matched band

energy  level  alignment.  The  modulated  perovskite  samples  show  reduced  trap  density  and

increased stability. As a result, the champion photovoltaic device has a power conversion efficiency

of 22.90%, along with enhanced stability under environmental and operational conditions, as well as

long-term storage. The remarkable stability and the favorable effects on perovskite materials as well

as the ease of fabrication render haloplumbate-based interfacial modulators ideal candidates for

addressing the stability problem that impedes the commercialization of PSCs.

Supporting Information

Materials, experimental methods, Figure S1-S18, Table S1-S4, and Movie S1-S2.
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