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SUMMARY

Chemical passivation of defective perovskite surface is a funda-
mental strategy to stabilize solar cell operation by impeding the
defect-dominant surface ion migration. Here, we show that the
configuration of organic cations plays a key role in determining their
surface adsorption energetics at various perovskite facets, which
will strongly impact the spatial uniformity of the low-dimensional
perovskite passivation layer (LDPL). A weak-anisotropic adsorption
behavior is demonstrated for tertiary ammonium that can enable a
conformal LDPL on the perovskite grain surface. Benefiting from
comprehensive surface passivation, the migration of ionic perov-
skite species was suppressed and the as-fabricated p-i-n solar cells
yielded an optimized power conversion efficiency of 22.6% with
an expected T80 lifetime of about 4,000 h under continuous 1-sun
illumination. Our findings give insight into the design and prepara-
tion of heterostructured perovskite films toward efficient and stable
solar cells.

INTRODUCTION

Despitedramatic improvements thathavebeenachievedtargeting thepowerconver-

sion efficiencies (PCEs) of halide perovskite-based photovoltaics,1 the long-term po-

wer output stability of loaded cells is still a pressing issue regarding their future

commercialization. The migration of charged perovskite defects or ions, which com-

binesboth fast (e.g., iodine vacancyand interstitial) andslowcomponents (e.g.,meth-

ylammoniumvacancy) atdifferent timescales, hasbeenunveiled tobeassociatedwith

the operational lability and switchable photovoltaic effect of perovskite solar cells

(PSCs).2–6 Those mobile charged species would further accumulate at the p-/n-con-

tacting interfaces under a photoinduced electric field, causing unwanted interfacial

band bending and carrier recombination and ultimately deteriorating the perfor-

mance of PSCs in working conditions.7,8

Polycrystalline perovskite absorbers typically feature a high surface-area-to-volume

ratio due to the presence of grain boundaries (GBs). Previous reports have unveiled

the defective nature of the perovskite grain surface where the activation energy (Ea)

for ionmigration can be lowered due to the unsaturated bonding of structural imper-

fections.9 In this view, surface capping and interior gap-filling strategies were devel-

oped over the past few years with the aim of passivating those reactive sites through

chemical bonding or physical coverage.10–20 Taking advantage of strong ionic

bonding, Yang et al.10 demonstrated the impeded ion migration on the PbSO4-cap-

ped perovskite film surface. Wei et al.11 reported that p interactions between
Cell Reports Physical Science 3, 100760, February 16, 2022 ª 2022 The Author(s).
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rubrene and organic A cations would inhibit the cation migration within perovskite

film. van der Waals (vdW) gapped interface by using graphene or WS2 flakes was

also demonstrated to suppress interfacial ion migration through barrier effect or

strain relaxation.15,21 Most often, passivation by surface treatment only protects

the top surface of the polycrystalline perovskite films, whereas the additive route

by incorporating small amounts of passivating agents in the precursors normally

yields partially covered grain boundaries in heterostructured films. The conformal

capping of perovskite grains from the top-surface, inner GBs with buried interfaces

by passivation materials can be an ideal architecture for entirely immobilizing the

ionic perovskite species toward stable solar cell operation but is yet to be achieved

for polycrystalline perovskite films.

Here, we reveal the surface adsorption behavior to be a deterministic factor for the

spatial distribution of low-dimensional perovskite phase in heterostructured perov-

skite films. Notably, tertiary ammonium with similar adsorption enthalpy (Ead) on

various perovskite facets generates spatially conformal coating of perovskite grains

by low-dimensional phase, enabling operational T80 lifetime of �4,000 h under

continuous 1-sun illumination. Conversely, the large Ead variations of primary ammo-

nium resulted in a nonuniformly distributed phase in perovskite films and yielded

inferior photovoltaic performance. Our theoretical simulations further show that

the minimized Ead discrepancy for different perovskite facets terminated by tertiary

ammonium can be ascribed to the synergistic effect of hydrogen bonding and elec-

trostatic interaction between the tertiary amino group and perovskite surface.
RESULTS AND DISCUSSION

Adsorption energetics of organic cations on perovskite surface

Three-dimensional (3D) perovskites (e.g., MAPbI3; MA, methylammonium) possess

relatively low enthalpy of 56.6–97.3 kJ mol�1 for phase transition,22 while the forma-

tion enthalpy of layered perovskites, such as PEA2PbI4 and (n-BA)2PbI4 (PEA, phene-

thylammonium; n-BA, n-butylammonium), is usually estimated to be over 100 kJ

mol�1.23,24 Many experimental studies have also identified that 3D phase typically

appears prior to other ammonium-templated, low-dimensional phases during

liquid-to-solid transformation.25,26 In most occasions, the perovskite phase is not

fully formed immediately, even for the antisolvent or fast annealing methods.

Thus, the structure of this transient phase gradually evolves from a wet film to a

more thermodynamically stable one during the followed annealing procedure,

which normally lasts for several minutes. For this reason, the adsorption energetics

of ammoniums on as-formed perovskite facets cannot be ignored in the dimension-

ality-mixed perovskites. The chemical interaction between these cations and the

perovskite matrix would heavily impact the crystalline location of latterly formed

low-dimensional phases.

Figure 1A shows the representative facets of tetragonal MAPbI3.
27,28 Based on the

density functional theory (DFT), we simulated the adsorption configuration of pri-

mary and tertiary ammoniums on those facets (Figure S1), respectively. The amino

group of bulky ammoniums will have a preferred orientation to semiconductor sur-

face due to electrostatic interaction or hydrogen bonding, leading to a polarized sur-

face relative to their dipole moment.29,30 n-BA cation possesses three hydrogen

bond donors and has a dipole moment that is about 10-fold higher than that of tri-

methylammonium (TMA) (Table S1), which may impart a considerably altered

adsorption behavior on perovskite surface as well as the homogeneity of low-dimen-

sional phases.31–35 The calculated Ead suggests that n-BA is energetically favorable
2 Cell Reports Physical Science 3, 100760, February 16, 2022



Figure 1. Surface adsorption energetics of organic cations

(A) Representative facets of tetragonal MAPbI3.

(B–D) DFT-calculated Ead of n-BA and TMA cations on different perovskite facets (B). Geometrically optimized configurations of (C) n-BA and (D) TMA

cations adsorbed on different perovskite facets are shown. The bond length of H�I was measured based on two adjacent atoms, and the effective ones

are colored red.
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to adsorb on (001) and (110) facets while is less favorable on (100) and (112) facets,

with the average value and SD of �1.89 and 0.68 eV, respectively (Figure 1B; Table

S2). In contrast, TMA exhibits reduced discrepancy of Ead, with the average value

and SD of �2.18 and 0.25 eV, respectively.

Despite reduced hydrogen-bond donors, TMA cation possesses a slightly increased

average Ead on representative perovskite facets. We hence analyze the effective

hydrogen bonds whose length and angle fall within 2.5–3.5 Å and 0�–140�, respec-
tively (Table S3).36 Figures 1C and 1D show that the number of effective hydrogen

bonds is less dependent on the donors. The major difference of Ead lies in the

(100) and (112) facets, where more MA cations are exposed to perovskite surfaces.

Electrostatic potential maps (ESPs) show the tertiary amino group of TMA is more

electronegative than the primary one of n-BA (Figure S2), through which the electric

repulsion from adjacent MA might be diminished. We therefore conclude that the
Cell Reports Physical Science 3, 100760, February 16, 2022 3
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minimized discrepancy of Ead for TMA should be attributed to the synergistic effect

of surface hydrogen bonding and electrostatic interaction.

Structural analysis of perovskite films

To understand the impact of Ead difference of organic cations on the compositional

uniformity of perovskite films, we performed time of flight secondary ion mass spec-

trometry (ToF-SIMS) on (n-BA)0.03MA0.97PbI3 and TMA0.03MA0.97PbI3 perovskite

films (hereafter referred to as BMPI and TMPI, respectively). As seen in Figures 2A,

2B, and S3, the lateral distribution of TMA+, MA+, and PbI3
� is homogeneous in

TMPI film at submillimeter scale, as contrasted by the nonuniform regions of over

dozens of micrometers in BMPI film. Scanning electron microscopy (SEM) images

show the fabric-like morphology of BMPI film, which is markedly different from the

regular morphology of pure MAPbI3 (hereafter referred to as pristine) and TMPI films

(Figures S4A–S4C). Such morphology is consistent with the height profiles of perov-

skite films obtained by atomic force microscopy (AFM) (Figures S4D–S4F). Phase

angle images have been widely used to discriminate the phase composition of poly-

mer and perovskite blends.37–39 The phase angle is altered from about 65� for the
pristine film to about 0� for TMPI film, suggesting the existence of an impurity phase

that fully covers the TMPI film surface (Figures 2C–2E and S5). In comparison, the

multimodally distributed phase angle of BMPI film indicates the failure of uniform

surface capping by low-dimensional phases, in agreement with its compositional in-

homogeneity determined by ToF-SIMS. We then performed ToF-SIMS to study the

vertical distribution of TMA cations in TMPI film. The depth profile of TMA+ shows a

gradually declined intensity from the top surface to the middle region and then in-

creases again closing to the bottom side (Figures 2F and S6).

X-raydiffraction (XRD)patternshelpus to identify thephasecompositionofperovskite

films.As seen in Figure S7, adiffractionpeakemerges at�11.0� for TMPI film,while no

additional peak is observed in BMPI film. Such diffraction peak can be indexed to the

(100) facetsofas-synthesizedTMAPbI3powder,ofwhich theXRDpatternmatcheswell

with the simulatedpattern of hexagonal TMAPbI3.
40 To identify theblended structure

of TMPI film down to atomic level, we carried out solid-state nuclear magnetic reso-

nance (SSNMR) measurements. The configuration of the TMA cation in this work is

confirmed by the 1H NMR spectra (Figure S8). The powder samples of pristine and

TMPI were collected by mechanically scraping the as-fabricated perovskite films. As

seen in 1H magic angle spinning (MAS) NMR spectra (Figure S9), two peaks were

observed for pristine sample, corresponding to the signals of �NH3
+ (6.12 ppm)

and�CH3 (3.07 ppm) of MA cation, respectively. For the TMPI sample, the 1H peaks

slightly shift to a lower field that is closer to where TMAPbI3 locates, probably due to

the overlap signals of perovskite and TMAPbI3 phases. Besides, we find that the inte-

grated peak area of ammonium is decreased in the TMPI sample, in accordance with

the increasing number of�CH3 in the TMA cation.

Grazing-incidence XRD (GIXRD) conducted by varied incident angles allows us to

determine the vertical distribution of TMAPbI3 throughout the perovskite film. The

TMAPbI3(100) is detected at selected incident angles from 0.5�to 1�–3�, correspond-
ing to the regions from the top film to the bottom (Figure 2G). As shown in Fig-

ure S10, the decreased ratio of the integrated intensity of TMAPbI3(100) to

MAPbI3(110), MAPbI3(220), and MAPbI3(310) implies the enrichment of TMAPbI3
at the film surface. Combining the phase angle results of TMPI film, we deem that

TMAPbI3 is a uniformly dispersed phase that can enable a conformal capping layer

on perovskite grain surface, including the top surface, interior GBs, and buried inter-

face. High-resolution transmission electron microscopy (HRTEM) was conducted to
4 Cell Reports Physical Science 3, 100760, February 16, 2022



Figure 2. Spatial uniformity of low-dimensional perovskite phase

(A and B) ToF-SIMS images of (A) n-BA+ and (B) TMA+ in BMPI and TMPI films, respectively. Scale bars: 10 mm.

(C and D) AFM phase angle images of (C) BMPI and (D) TMPI films. Scale bars: 500 nm.

(E) Phase angle distribution of pristine, BMPI, and TMPI films.

(F) ToF-SIMS depth profile of TMPI film.

(G) GIXRD patterns of TMPI film were measured at different incident angles. The diffraction peaks of TMAPbI3(100) and FTO substrate are marked by an

asterisk and hash symbols, respectively.

(H) HRTEM image of MAPbI3/TMAPbI3 heterointerface. Insets are the FFT patterns of the corresponding regions. Scale bar: 4 nm.
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discriminate MAPbI3 and TMAPbI3 phases in TMPI film. Lattice fringes at the

MAPbI3/TMAPbI3 heterointerface show the d-spacing of�8.0 Å that can be indexed

to TMAPbI3(100), adjacent to that of MAPbI3(202) (Figure 2H). The crystal structures

of the two phases were confirmed by the fast Fourier transform (FFT) patterns.
Optical properties of perovskite films

The optical absorption profile of TMAPbI3 reveals its wide bandgap of �2.37 eV (Fig-

ure S11A), and the photoluminescence (PL) spectrum shows a red shift and broadband

peak (�650 nm) under UV excitation. We examined the priority of phase formation in

precursor solution containing an equal mole ratio of MAPbI3 and TMAPbI3. Previous re-

ports have revealed that the crystallization of one-step deposited perovskite solution is

initialized from the liquid-air interface, and this rule also holds for other low-dimensional

perovskite components.41,42 We find the PL proportion of MAPbI3 overwhelms that of

TMAPbI3 at the top surface of the film while is decreased at the substrate side (Figures

S11B and S11C). Such results suggest that the formation of theMAPbI3 phase is prior to

the TMAPbI3 during film processing, verifying the feasibility of our surface adsorption

calculations at the beginning part.

Halide perovskites are direct-bandgap semiconductors whose PL spectra reflect

their optical bandgaps. By varying the direction of photoexcitation, we determined

the bandgap uniformity of BMPI and TMPI films relative to the depth.25 BMPI film has

an increased full-width at half-maximum (FWHM) of 51.0 nm at 75� incident angle

with respect to the 36.9 nm of TMPI film (Figures 3A and 3B). The summarized results

of FWHM suggest that TMPI film has amore uniform bandgap than BMPI film relative
Cell Reports Physical Science 3, 100760, February 16, 2022 5



Figure 3. Bandgap uniformity of heterostructured perovskite film

(A and B) Dependence of PL spectra on the excitation direction of (A) BMPI and (B) TMPI films

deposited on a quartz substrate (excitation: 365 nm).

(C) Summarized FWHM of PL spectra of pristine, BMPI, and TMPI films.

(D) Schematic illustration of surface adsorption behavior of TMA cations on prior-formed

perovskite grain surface and the resultant conformally capped perovskite film.
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to the depth and resembles that of the pristine film (Figures 3C and S12), probably

because of the uniformly dispersed TMAPbI3 on the overall perovskite surface. UV

photoelectron spectroscopy (UPS) helps us to identify the altered work function

(WF) of perovskite film surface terminated by TMAPbI3. The WF is increased from

4.67 eV of pristine film to 4.74 eV of TMPI film, corresponding to the Fermi level

(EF) shifts to valence band maximum (VBM) for 0.07 eV (Figures S13A–S13C). Our

theoretical calculations on the density of state (DOS) of TMAPbI3 reveal its p-type

nature (Figures S13D), in agreement with the increased WF of TMPI film. Based on

the above characterization results, we conceptualize the formation mechanisms of

TMPI film in Figure 3D. The non-selective surface adsorption of TMA cations would

lead to conformally capped perovskite grains by TMAPbI3.
Device performance and passivation effect of LDPL

A p-i-n device configuration (FTO/Sr-doped NiOx [Sr:NiOx]/perovskite/[6,6]-phenyl-

C61-butyric acid methyl ester [PCBM]/bathocuproine [BCP]/Ag) is adopted to eval-

uate the photovoltaic performance of as-fabricated perovskite films. The thickness

of perovskite films is estimated to be �500 nm (Figures 4A and S14). The solar cell

based on TMPI film delivered a short-circuit current density (JSC) of 23.5 mA cm�2,

an open-circuit voltage (VOC) of 1.125 V, and a fill factor (FF) of 0.838 with amaximum

PCE of 22.2% under AM 1.5G irradiation. The pristine device delivered a JSC of

23.4 mA cm�2, a VOC of 1.114 V, and an FF of 0.806 with a maximum PCE of

21.0%. For devices based on BMPI film, a significantly decreased JSC was delivered,

leading to a poor efficiency of 9.6% (Figures 4B and S15; Table S4). The average
6 Cell Reports Physical Science 3, 100760, February 16, 2022



Figure 4. Photovoltaic performance and defect passivation of solar cells

(A) Cross-sectional SEM image of TMPI solar cell.

(B) J-V curves of champion solar cells based on pristine, TMPI, and BMPI films.

(C) TRPL spectra of pristine, TMPI, and BMPI films (excitation: 520 nm). Inset is their steady-state PL spectra (excitation: 365 nm).

(D) tDOS of pristine and TMPI solar cells.

(E) J-V curves of champion solar cells based on CsFAMA and TMA-CsFAMA films. Inset is the device configuration.

(F) TRPL spectra of CsFAMA and TMA-CsFAMA films. Insets is their steady-state PL spectra.
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PCEs of pristine, TMPI, and BMPI devices are 19.7%, 21.3%, and 8.4%, respectively.

Meanwhile, minimized hysteresis was obtained for the TMPI solar cell at opposite

scan direction (Figure S16). The JSC of pristine and TMPI solar cells integrated

from external quantum efficiency (EQE) spectra is nearly consistent with the values

obtained by photocurrent-voltage (J-V) measurements (Figure S17A). The as-deter-

mined absorption edge of EQE spectra shows that the bandgap of the pristine film is

1.574 eV, with a blue-shift bandgap less than 0.01 eV for TMPI film (Figure S17B).

The steady-state PL spectra of the perovskite films show the increased PL intensity of

TMPI film (Figure 4C) is associated with the reduced population of nonradiative

recombination centers.43 The biexponential fitting of time-resolved PL (TRPL)

spectra shows the fast components of pristine, TMPI, and BMPI films are 6.8, 11.4,

and 6.0 ns, respectively, corresponding to the nonradiative recombination lifetime.

The enhanced PL decay lifetime of TMPI film is in accordance with its enhanced

steady-state PL intensity and indicates the reduced nonradiative recombination of

photogenerated carriers in TMPI film.10,44

We quantitatively determined the defect density of perovskite films by space-charge

current limited curves (SCLCs) based on the device configuration of FTO/perovskite/

Au. Defect density was calculated following the equation45 VTFL = qntL
2/2εε0, where

VTFL is trap-filled limit voltage, q is electric charge, nt is defect density, L is the thick-

ness of perovskite layer, ε is the dielectric constant of perovskite, and ε0 is vacuum

permittivity. The as-determined VTFL was decreased from 0.29 V for the pristine
Cell Reports Physical Science 3, 100760, February 16, 2022 7
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film to 0.24 V for TMPI film (Figure S18), corresponding to the reduced nt from

4.2 3 1016 cm�3 to 3.5 3 1016 cm�3. For BMPI film, the nt reaches up to 5.8 3

1016 cm�3. Thermal admittance spectroscopy (TAS) allows us to determine the

trap density of states (tDOS) of solar cells. As seen in Figure 4D, the TMPI device

shows reduced tDOS that can reach up to a magnitude within the shallow region

(0.3–0.5 eV). The above results reveal the passivation effect of as-capped LDPL

that can reduce the defect density of perovskite film.

Transient photovoltage (TPV) decay curves of solar cells under AM 1.5G irradiation

allow us to assess the lifetime of photogenerated charge carriers. The lifetime was

increased from 0.73 ms for the pristine device to 1.49 ms for the TMPI device and

decreased to 0.80 ms for the BMPI device (Figure S19A). The enhanced charge carrier

lifetime of the TMPI device indicates its reduced defect density at the perovskite/

LDPL interface.10,46 Transient photocurrent (TPC) decay reveals the charge collec-

tion efficiency of solar cells. Pristine and TMPI devices show the overlapped decay

signals, with an identical photocurrent decay time of 0.51 ms (Figure S19B). BMPI de-

vice shows an increased photocurrent decay time of 0.85 ms, which suggests a dete-

riorated charge collection efficiency and explains its low JSC.
46

We studied the compatibility of TMA analogues, including triethylammonium (TEA)

and tripropylammonium (TPA), as well as the commonly used PEA (Figure S20; here-

after referred to as TEMPI, TPMPI, and PMPI for cation-mixed perovskite films,

respectively). The diffraction peak of the corresponding ABX3 phase is, however,

not observed in the XRD patterns of perovskite films (Figure S21). Despite the

increased length of alkyl chains, TEMPI solar cells did not exhibit severely deterio-

rated efficiency and yielded an optimal PCE of 20.5% (Figure S22; Table S5). Devices

based on TPMPI and PMPI films yielded poor PCEs akin to that of BMPI devices. Our

chemical strategy was then applied to the triple-cation perovskite component

(referred to as CsFAMA). The diffraction peak of TMAPbI3(100) is clearly identified

in CsFAMA film mixed with TMA cations (referred to as TMA-CsFAMA; Figure S23).

The phase angle image of the TMA-CsFAMA film shows the altered angle that is

similar to that of TMPI film (Figure S24), probably because of the surface-capped

TMAPbI3. The p-i-n solar cells based on TMA-CsFAMA film delivered a JSC of

22.8 mA cm�2, a VOC of 1.181 V, and an FF of 0.839 and yielded a maximum PCE

of 22.6% (Figure 4E; Table S6). TRPL spectra also show the enhanced carrier lifetime

of TMA-CsFAMA film, which should be contributed by the passivation effect of

TMAPbI3 (Figure 4F).

Operational stability of solar cells and ion migration analysis

The stabilized power output (SPO) of unencapsulated solar cells was tracked at

maximum power point (MPP) in ambient, and the devices were exposed to AM

1.5G irradiation for 2 min beforeMPP tracking for the purpose of reaching the steady

state in standard J-V scans. TMPI device exhibited a stable power output above 21%

and was stabilized at �21.1% at the tracking end of 350 min (Figure 5A). A pro-

nounced performance loss of pristine device was observed with a PCE stabilized

at �18.2% at the tracking end of 100 min. We also measured the SPO of solar cells

in the condition of ambient aging. TMPI and TEMPI devices exhibited robust power

output in aging cycles with a time interval of 24 h (Figures 5B and S25). In contrast,

the pristine device lost approximately half of its initial PCE at the end, in accordance

with the PCE yields before and after MPP tracking (Figure S26).

The migration of ionic perovskite species is dominated by the electric field of heter-

ojunction;6 we therefore measured the stability of solar cells under accelerated
8 Cell Reports Physical Science 3, 100760, February 16, 2022



Figure 5. Operation stability of solar cells and intrinsic ion migration

(A) MPP tracking of pristine and TMPI solar cells in ambient.

(B) MPP tracking of pristine and TMPI solar cells in the condition of ambient aging cycles (relative humidity: 10%–15%).

(C) Evolution of VOC, FF, and PCE of pristine and TMPI solar cells relative to the polling time of external electric field.

(D) Temperature-dependent dark-current decay of pristine and TMPI solar cells.

(E) Temperature-dependent conductivity of pristine and TMPI films. The inset shows the configuration of the lateral perovskite device.

(F) Long-term operation stability of sealed CsFAMA and TMA-CsFAMA solar cells at open-circuit conditions. Insets are the photographs of as-sealed

TMA-CsFAMA devices before and after continuous illumination.
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degradation conditions by applying a reverse bias voltage of 0.3 V. The external

electrical field is identical to that of the built-in electric field in heterojunction of solar

cells, leading to an overall electrical field of �2.6 V mm�1 that enhances the drift of

both carriers and ionic species. As shown in Figures 5C and S27, the TMPI device

outputs stable PCEs within the electrical poling time of 1,080 s under AM 1.5G irra-

diation, yet the pristine device exhibited the considerably decreased VOC and FF

within 390 s and yielded poor PCE of �7% after poling. Dark-current curves of solar

cells show that the leakage current density of pristine device after continuous polling

is significantly larger than that of TMPI device (Figure S28), implying the formation of

new shunt pathways in pristine film.47 Meanwhile, we measured the dark-current de-

cays of solar cells under a continuous bias voltage of 0.8 V relative to the tempera-

ture. The pristine device exhibited a strong temperature-dependent current decay,

while the decay for the TMPI device was minimized (Figure 5D), indicating the

reduced mobile ions in TMPI film under an electric field.48

Temperature-dependent conductivity measurements were performed on lateral

perovskite devices (Sr:NiOx/perovskite/Au) under the applied electric field of

0.4 V mm�1 between two Au electrodes. The Ea for mobile ions was extracted from

the linearly fitting data following Nernst-Einstein relation:49 s(T) = (s0/T)exp(�Ea/

kBT), where s0 is a constant, T is temperature, and kB is the Boltzmann constant,

and the high-temperature region can be used to assess the ionic conductivity of
Cell Reports Physical Science 3, 100760, February 16, 2022 9
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perovskite films. The pristine device showed a linear increase in conductivity relative

to the increase in temperature from 293 K, and the Ea was determined to be 295meV

(Figure 5E), consistent with other reported cases.50,51 For the TMPI device, the total

conductivity was not dominated by the ionic conductivity until 341 K, with the ex-

tracted Ea of 687 meV above this threshold temperature. In the case of enhanced

ion migration in perovskite film (e.g., under light illumination), the threshold temper-

ature will come at a lower value.10 The increased threshold temperature and Ea of the

TMPI device therefore indicate that conformal surface capping by LDPL can effica-

ciously suppress ion migration.

The light-soaking stability of unencapsulated solar cells was measured under the illu-

mination of an equivalent 1-sun light-emitting diode (LED) lamp at open-circuit con-

dition in a nitrogen glove box. TMPI and TEMPI devices were capable of maintaining

about 90% and 93% of their initial PCEs, respectively, yet the PCEs’ loss of pristine

devices reached up to about 50% after 1,008 h illumination in nitrogen (Figure S29).

We further measured the light-soaking stability of CsFAMA and TMA-CsFAMA solar

cells sealed by the heat-melt polymer in ambient, with the room temperature of

�300 K and the humidity of �60%. TMA-CsFAMA devices can maintain 94.9% of

their initial efficiencies in contrast to 63.5% of CsFAMA devices after equivalent

1-sun illumination for 1,032 h (Figure 5F), indicating the enhanced stability of solar

cells upon surface conformal capping strategy. By fitting the PCE decay rate, we

can predict the T80 lifetime of the TMA-CsFAMA device, which reaches up to

�4,000 h. Considering the charge accumulation effect of solar cells under open-cir-

cuit conditions, we anticipate that the operational stability of the TMA-CsFAMA

device can be better under MPP conditions.

Taking advantage of the weak-anisotropic adsorption behavior of tertiary ammo-

nium, we hereby demonstrated a chemical route to conformally cap the perovskite

grain surface in polycrystalline films. Perovskite surface terminated by LDPL enabled

a reduced recombination of photogenerated carriers and simultaneously sup-

pressed ion migration under various environmental stressors, including light irradi-

ation, electric field, and moisture. We highlight that comprehensive passivation of

defective perovskite surface is of fundamental importance to immobilize the ionic

species in polycrystalline film, which can be realized through the rational screening

of surface adsorbates in perovskite precursors. Our findings provide a universal so-

lution toward simplified fabrication of surface-protected perovskite absorbers for

real-world applications and may be also applied to optimize the spatial distribution

of pre-synthesized passivation materials that directly adsorb onto crystal surface

without following structural transition.
EXPERIMENTAL PROCEDURES
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Materials

TMA iodide was synthesized by reacting trimethylamine (25 wt % in methanol; TCI)

with hydriodic acid (57 wt % in water; J&K Scientific) in anhydrous ethanol following

a mole ratio of 2.4:1. The reactions were kept at 0�C in nitrogen for 2 h. The white

powder can be then obtained by rotation evaporation and was dissolved in anhy-

drous ethanol and recrystallized by diethyl ether. n-butylammonium iodide, triethy-

lammonium iodide, tripropylammonium iodide, and phenethylammonium iodide

were synthesized by reacting n-butylamine (99%; Energy Chemical), triethylamine

(99.5%; Energy Chemical), tripropylamine (99%; Energy Chemical), and phenylethyl-

amine (99.5%; Energy Chemical) with hydriodic acid in anhydrous ethanol following a

mole ratio of 1.1:1. All recrystallizedwhite powderswere further dried in vacuumoven

at 60�C overnight. MAI, MABr, and FAI were purchased from Dyesol. CsI (99.9%),

poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine) (PTAA) (average GPC Mn 7,000–

10,000), and dimethyl sulfoxide (DMSO) (anhydrous; R99.9%) were purchased

from Sigma-Aldrich. PbI2 (99.99%) and PbBr2 (99.99%) were purchased from Energy

Chemical. Nickel (II) acetate tetrahydrate and strontium chloride hexahydrate were

purchased from Sinopharm. N,N-dimethylformamide (DMF) (anhydrous; 99.8%),

chlorobenzene (American Chemical Society [ACS]; 99.5%), and 2-methoxyethanol

(99%)were purchased fromAlfa Aesar. PCBM (99.5%) andBCP (99%)were purchased

from Nichem.

Device fabrication

The Sr:NiOx hole transport layer (HTL) was prepared on UV-cleaned FTO substrate

according to our previous work.52 Perovskite precursors (159 mg MAI and 461 mg

PbI2 in 560 mL DMF and 80 mL DMSO) were spin coated on HTL at 1,000 rpm for

5 s and 4,000 rpm for 30 s, during which 120 mL chlorobenzene was dropped to re-

move the solvent at 23 s before the end. As for A cation substituted perovskite pre-

cursors, 3 mol % ammonium iodides were used to substitute MAI. All as-deposited

perovskite films were annealed at 100�C for 10min in a nitrogen glove box. After film

cooling down, PCBM (20 mg in 1 mL chlorobenzene) and BCP (0.5 mg in 1 mL anhy-

drous ethanol) solutions were sequentially spin coated on perovskite film at 2,000

and 4,000 rpm for 45 s, respectively, and were dried at 70�C for another 15 min.

Finally, 100-nm Ag/Au was thermally evaporated as metal electrodes. As for devices

based on triple-cation perovskite, PTAA (2 mg in 1 mL toluene) was spin coated onto

ITO substrates at 5,000 rpm for 30 s and then annealed at 100�C for 10 min. The stoi-

chiometry of different perovskite precursors was prepared following previous re-

ports, and TMAPbI3 (3 mol %) was added into the triple-cation perovskite precursor

for blended film deposition.53 The precursors were spin coated on PTAA at

1,000 rpm for 5 s and 4,000 rpm for 20 s, during which 150 mL chlorobenzene was

dropped to remove the solvent at 5 s before the end. All as-deposited perovskite

films were annealed at 100�C for 30 min in a nitrogen glove box.

Characterization

The morphology of films was characterized by field-emission SEM (HITACHI S4800).

XRD patterns were acquired by Powder XRD (Bruker Advance D8 X-ray diffractom-

eter Cu Ka radiation, 40 kV). GIXRD (Rigaku D/max, Cu Ka radiation, 2.55 kV,

18 kW) was used to probe the structure of the perovskite films at different incident

angles. NMR (Bruker Avance III 400, 400 MHz) equipped with a superconducting

Fourier spectrometer was used to acquire the 1H NMR spectra of ammonium io-

dides. 1H MAS NMR spectra were performed in a 400 MHz NMR instrument, using

the single pulse excitation pulse. The spinning rate was set to 6/10 kHz. The

recycle delay was set to 5 s. The 1H chemical shifts are calibrated using adamantane

(d = 1.91 ppm for the 1H spectra). A Bruker two-channel static PE probe with a
Cell Reports Physical Science 3, 100760, February 16, 2022 11
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homemade 2.5 mm coil was used to record the spectra. HRTEM characterization was

performed by using Thermo Fisher Scientific Talos F200X. A Cary 500 ultraviolet-

visible (UV-Vis)-near infrared (NIR) spectrophotometer was applied to measure the

optical absorption spectra of perovskite films. PL and TRPL spectra were character-

ized by Fluorolog-3-p spectrophotometer. The energy level of the perovskite film

surface was measured by UPS (AXIS ULTRA DLD, Al/Mg Ka, 450 W, 15 kV) with a

He source of incident energy of 21.21 eV. The lateral and depth profile of ionic spe-

cies in perovskite films were acquired by ToF-SIMS (ION-TOF) equipped with a 10 kV

Ar-Cluster gun, and the Bi+ primary-ion beam was scanned over 50 3 50 and

150 3 150 mm areas, respectively. Solar cells were illuminated by a solar light simu-

lator (Solar IV-150A, Zolix), and the light intensity was calibrated by a standard New-

port calibrated KG5-filtered Si reference cell. The J-V curves of solar cells were

measured by a Keithley 2400 digital source meter with a scan rate of 0.1 V s�1

(scan range:�0.1 to 1.3 V) in ambient (relative humidity: 10%–15%), and the devices

were masked with a metal aperture to define the active area of 0.0625 cm2. As for

encapsulated solar cells, all J-V curves were measured in ambient air without

humidity control. TPC and TPV curves of solar cells were measured by digital storage

oscilloscope (KEYSIGHT, DSOX3104T) under the excitation of pulsed laser (532 nm,

DPS-532-A, 1 mJ). EQE spectra of solar cells were characterized by SCS600-QEDZ-

JN system (Zolix). Temperature-dependent conductivity was measured on a probe

station (HGOAN, HGPS100), and the temperature was controlled by the thermo-

electric plate. The lateral spacing of two Au electrodes on perovskite films was set

to be 100 mm, and the electrical measurements were done by the digital source

meter under a direct current (DC) bias voltage of 40 V. Frequency-dependent capac-

itance was measured by an inductance, capacitance, and resistance (LCR) meter

(Agilent, E4980A) to determine the tDOS of solar cells. A single output programma-

ble DC power supply (BK PRECISION) was used to apply an electric field on the solar

cells and lateral devices.
Theoretical calculations

All calculations were computed by the Vienna ab initio Simulation package (VASP) of

DFT. The projector augmented wave (PAW) model with Perdew-Burke-Ernzerhof

(PBE) function was employed to describe the interactions between core and elec-

trons, with ultrasoft pseudopotentials (shells explicitly included in calculations:

5d106s26p2 for Pb; 5s25p5 for I; 2s22p2 for C; 2s22p3 for N; and 1s1 for H). DFT-D3

dispersion interactions were included in the calculation. During the structure optimi-

zation, theMAPbI3 surface of a relatively stable terminal was chosen. The bottom few

layers were constrained, and the top layers were fully relaxed. A vacuum region of

20 Å was built to avoid interactions between the neighboring MAPbI3 slabs. An en-

ergy cutoff of 450 eV was used for the plane wave expansion of the electronic wave

function. The Brillouin zones of all systems were sampled with gamma-point-

centered Monkhorst-Pack grids. A 1 3 1 3 1 and 3 3 3 3 3 Monkhorst Pack k-point

setup was used for slab geometry optimization and electronic structures, respec-

tively. The force and energy convergence criteria were set to 0.01 eV Å�1 and

10�5 eV, respectively. The adsorption enthalpy of all absorbates is calculated as

DEad = Ead/sur � Esur � Ead, where Esur, Ead, and Ead/sur are the energy of the bare

MAPbI3 surface, the energy of an adsorbate, and the surface with adsorbate,

respectively.
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