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 13 

The surface of individual grains of metal halide perovskite films can determine the 14 

properties of heterointerfaces at the microscale and the performance of resultant 15 

solar cells. But the geometric characteristics of grain surfaces remain rarely 16 

investigated. Here we elaborate on the existence of grain surface concaves (GSCs) 17 

and their effects on charge-extracting, chemical, and thermomechanical 18 

properties of the buried perovskite heterointerfaces. The evolution of GSCs is 19 

triggered by grain-coalescence-induced biaxial tensile strain (BTS) and thermal-20 

coarsening-induced grain-boundary (GB) grooving. As such, GSCs are tailorable 21 

via the regulation of grain growth kinetics. As a proof of concept, we used 22 

tridecafluorohexane-1-sulfonic acid potassium to alleviate BTS and GB grooving 23 

via molecular functionalization, forming non-concaved grain micro-surfaces. The 24 

resultant PSCs demonstrate enhanced power conversion efficiencies (PCE), 25 

together with elevated PCE retentions under ISOS-standardized thermal-cycling 26 

(300 cycles), damp-heat (660 h), and maximum-power-point tracking (1290 h) tests. 27 

This work sheds light on micro-surface engineering for improving the durability 28 

and performance of PSCs and optoelectronics. 29 

 30 

Introduction 31 

 32 

Perovskite solar cell (PSC) has recently been recognized as the most promising future 33 

photovoltaic technology in a wide range of application scenarios including building-34 

integrated photovoltaics, as it combines the merits of potentially low manufacturing 35 

cost and high-power conversion efficiencies (PCEs). The certified record PCE of PSCs 36 

has been rapidly climbing in recent years, continuously injecting excitement into the 37 

photovoltaic industry.1-3 Nevertheless, there is still an outstanding concern on the long-38 

term durability of PSCs in  practical operating conditions with complex stressors of 39 

light, heat, and moisture,4-6 calling for an in-depth fundamental investigation on the 40 

microscopic structure-property-performance relationships.7-9 Currently, there are 41 

numerous studies have suggested that device heterointerface plays a dominating role in 42 
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the long-term durability of PSCs.7,10,11 Attainment of ideal microstructural and 43 

functional integrity at device heterointerfaces is thus a key step to optimize the carrier 44 

injection and thermal management, to minimize the moisture ingression, and to mitigate 45 

the mechanical failure due to interfacial fatigue as well as accumulated thermal stress.  46 

 47 

Interfacial engineering has so far become the most successful method to achieve PSCs 48 

with the best PCEs, chemical stability, and thermomechanical reliability.12-14 The 49 

reported studies have a primary focus on chemical passivation on perovskite top and 50 

bottom (also referred as “buried”) surfaces/interfaces, to lower the defect density, to 51 

manipulate energy level alignment, to enhance the phase purity, etc. However, insights 52 

into the microstructural integrity of these heterointerfaces are usually missing, which 53 

eventually dictates the functional properties.7 Especially, the perovskite 54 

heterointerfaces have been generally treated as an ideally continuous and flat 55 

microstructure type. In fact, perovskite thin films in state-of-the-art PSCs are invariably 56 

polycrystalline, consisting of a dense packing of individual grains. As a result, the 57 

heterointerface of perovskite with the charge-transport layer (CTL) can be viewed as 58 

an ensemble of grain-CTL micro-heterointerface “segments”. The properties of each 59 

grain-CTL micro-heterointerface accumulatively determine the properties of the overall 60 

heterointerface. Therefore, it is critical to ensure the high microstructural integrity of 61 

individual grain-CTL micro-heterointerfaces so that a more ideal perovskite 62 

heterointerface can be formed.  63 

 64 

In this work, by using careful atomic-force microscopy and depth profiling, we revealed 65 

a general existence of grain surface concaves (GSCs), a type of under-explored 66 

microstructure, on individual grain surfaces of representative perovskite films. These 67 

GSCs inevitably lead to buried nanoscale gaps between the grain center and the 68 

underneath CTL. Due to their relatively small depths as compared to the sizes of 69 

individual grains and the height contrast of grain boundary grooves (GBGs), it is not 70 

surprising that GSCs have been neglected in the morphological and microstructural 71 

studies of PSCs in the past years. We found that the formation of these GSCs is 72 

attributed to the solid-state ion plastic flow from the GBGs and the grain surface center 73 

to the convex ridges, which are triggered by thermal-driven grain boundary (GB) 74 

grooving and grain-coalescence-induced biaxial tensile strain (BTS), respectively. 75 

More importantly, GSCs impart profound negative effects on carrier-exacting, chemical, 76 

and thermomechanical properties of perovskite heterointerface. Herein we note that 77 

owing to the layer-by-layer nature of PSC processing, any negative effects on the 78 

structural and functional integrities on the perovskite top surface side are possibly 79 

compensated by a conformal deposition of sequential layers. This study thus focuses 80 

on the buried bottom perovskite heterointerface. To alleviate the negative effects of 81 

GSCs, we chose an anionic surfactant molecule, tridecafluorohexane-1-sulfonic acid 82 

potassium (TFSAP), to manipulate the interfacial energetics on grain surfaces and GBs 83 

to simultaneously suppress GB grooving and BTS. As a result, we achieved perovskite 84 

thin films with minimum GSCs observed on individual grains bottom surfaces, leading 85 

to the robust and stable grain-CTL micro-heterointerfaces. PSCs incorporating this 86 



microstructural engineering deliver a high PCE of 25.5%. The PCEs of PSCs with the 87 

removal of GSCs can retain 83%, 90% and 90% in device stability tests following 88 

international consensus protocols of ISOS-T-3 (300 cycles), ISOS-D-3 (660 h), and 89 

ISOS-L-1l (1290 h), respectively, demonstrating the merits of GSC engineering. 90 

 91 

Geometric characteristics and chemical tailoring of GSCs 92 

 93 

Herein we deliberately prepared two formamidine-cesium (FA-Cs) perovskite film 94 

samples (FA0.9Cs0.1PbI3 composition) with an ITO/SnO2/perovskite structure. One 95 

(pristine film) is from an additive-free perovskite solution while the other (target film) 96 

is from a perovskite solution with the addition of TFSAP, an anionic surfactant. The 97 

unique molecular characteristics of TFSAP enable it to moderate the microstructural 98 

evolution and to yield perovskite grains with minimum GSCs on bottom surfaces, 99 

which will be elaborated later. After the film fabrication, we mechanically delaminated 100 

the perovskite layer from the SnO2 electron transport layer (ETL) using a method 101 

schematically illustrated in Supplementary Fig. 1. We then employed high-resolution 102 

atomic force microscopy (AFM) to characterize the flipped perovskite film bottom 103 

surface for quantitatively investigating the geometric characteristics of grain surface 104 

microstructures originally at the perovskite-CTL heterointerface. Figure 1a-b exhibit 105 

AFM topographies of perovskite surfaces with and without GSCs, respectively. For the 106 

pristine perovskite film, a polycrystalline microstructure is observed with high-contrast 107 

GBGs formed between packed individual grains and with GSCs emerging on most 108 

grains. The GSC microstructure is distinguishable by the peripheric region higher than 109 

the central region in a specific grain in a regular film. In contrast, GSCs are rarely 110 

observable on the grain micro-surfaces of the target film. By showing a narrow slice of 111 

the AFM 2D/3D image (Figure 1 c-f) that goes across one typical entire grain and 112 

adjacent GBs, we compare their detailed and localized geometric characteristics. For 113 

the pristine film, the grain contains a concaved center surface surrounded by convex 114 

ridges and GBGs, while the grains deliver nearly flat micro-surfaces for the target film. 115 

Figure 1 g-h exhibit the quantitative results from the height/depth line-profiling in 116 

Figure 1 c-d and in SnO2 surfaces in Supplementary Fig. 2a, which further attests to 117 

the minimization of GSCs as well as the flattening of GBGs once the TFSAP additive 118 

is used for the film processing.   119 

 120 

Next, we elaborate on the structure of grain-CTL micro-heterointerface. We obtained 121 

AFM images of the SnO2 top surface before and after delamination, as illustrated in 122 

Supplementary Fig. 2. Because it is not practical to obtain correlated AFM images of 123 

SnO2 ETL tops and perovskite bottoms all exactly from the same location in the film 124 

structure, we acquired a series of AFM images within a pre-labelled small area of the 125 

film, finding that the spatial differences in morphologies may be considered negligible. 126 

SnO2 ETL top surfaces exhibit extremely low surface height fluctuations as compared 127 

with grain bottom surfaces, allowing them to be approximately treated as flat when 128 

assessing micro-heterointerface. This implies that for the pristine film case, when 129 

perovskite grains bottom surfaces are in contact with the SnO2 ETL top surfaces, the 130 



concaved grain center could inevitably result in nanoscale gaps, which are localized by 131 

the grain periphery. Such nanogaps exhibit relatively small depth dimensions, making 132 

them hardly observed in top-view and cross-sectional SEM images (Supplementary 133 

Fig. 3-4). In contrast, when GSCs are minimized in the target films, a high integrity in 134 

the grain-CTL micro-heterointerface is achieved. Supplementary Fig. 5 illustrates 135 

even similar nanoscale morphologies of the perovskite grain bottom and SnO2 top 136 

surface in the target film, indicating a strong structural coherence because of an intimate 137 

interfacial contact. We excluded the possibility of such morphology of the perovskite 138 

grain bottom being caused by TFSAP aggregates, as we applied an isopropanol solvent 139 

washing and observed no morphological change (Supplementary Fig. 6). Note that 140 

these GSCs-induced nanovoids should be considered different from the GBGs-induced 141 

and solvent-trapping-induced voids on buried heterointerfaces earlier reported in 142 

literatures.15-19 As shown in Figure 1e, GSCs-induced nanogap can span almost the 143 

whole grain, and it has truly statistical significance as it exists on almost every regular 144 

grain. In contrast, GBGs-induced void is only horizontally across a few tens of 145 

nanometers.17 The solvent-trapping-induced void is mostly a type of microscopic or 146 

macroscopic volume defect that randomly exists at the heterointerface.15,20 147 

 148 

To assess the microstructural tailoring effect of TFSAP, as schematically illustrated in 149 

Figure 1i, we introduced a new geometric parameter ξ in addition to the GBG angle θ 150 

defined previously.17 θ represents the angle between the tangent to the GBG side and 151 

the horizontal direction. ξ represents the angle between the line connecting the apex of 152 

the convex ridge to the center of the GSC and the horizontal direction, thus roughly 153 

elaborating the degree of the curving from an ideally flat surface.  We totally conducted 154 

60 and 80 measurements to obtain the ξ and θ statistics for each film, respectively 155 

(Figure 1j-k). The pristine film contains GSCs with an average ξ value of 2.09°. In 156 

contrast, the target film exhibits significantly reduced ξ, with most values distributing 157 

within the range of 0° to 1° (0.47° on average), in which context all the grains can be 158 

considered non-concaved. It is also interesting that the GBG angle θ shows the same 159 

trend as the GSC angle ξ with the TFSAP addition. The target film exhibits flattened 160 

GBGs with an average θ value of 9.9°, decreased from 15.9° for the pristine film. These 161 

results confirm the effectiveness of the TFSAP on the microstructural tailoring of 162 

perovskite grain surface. Although the changes of GSC and GBG angles (ξ and θ) are 163 

coupled due to their inherent formation mechanisms (to be elaborated later), we expect 164 

that the minimization of GSCs can become a crucial factor in addition of GBG 165 

flattening 17 in constructing perovskite heterointerfaces with ideal microstructural and 166 

functional integrities, especially considering their original lateral dimensions. 167 

 168 

Analysis of the formation and evolution of GSCs  169 

 170 

We propose that the evolution of these GSCs is attributed to two main mechanistic 171 

factors, as schematically illustrated in Figure 2a. The first factor is the intrinsic BTS 172 

generated by the grain coalescence during the solution crystallization stage (left panel). 173 

The other is thermal-driven GB grooving during the grain coarsening stage (middle 174 



panel). Triggered by both processes, solid-state ion plastic flow can occur from the grain 175 

surface center and GBG regions to the convex ridges, contributing to the evolution of 176 

GCSs (right panel). Below we elaborate on the detailed mechanisms.  177 

 178 

Once a perovskite grain is formed from the solution, it is expected to grow until getting 179 

in contact with adjacent grains, leading to the generation of the interatomic forces,21 180 

and accordingly BTS: 181 
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where a is the half of the grain size, γs is surface free energy per unit area, γgb is GB 184 

energy per unit area, M is the Young’s modulus, and ν is the Poisson’s ratio. This BTS 185 

will lead to the ion flow from the grain center towards the sides, accordingly generating 186 

the out-of-plane deformation (εz_BTS). Based on these, the theoretically estimated εz_BTS 187 

is at the nanometer scale, which is consistent with experimentally measured 188 

deformation (εz) from the AFM depth profiling (Figure 1g). The relative difference 189 

between εz_BTS and εz can be partly attributed to the contribution of the thermal-driven 190 

GB grooving which has not included yet. Once grains have coalesced, GB grooving 191 

begin to dominate GSCs formation, while the contribution to the out-of-plane 192 

deformation by GB grooving (εz_grooving) is still hard to quantify at this time. Notably, 193 

GSCs more profoundly exist on perovskite bottom surface than top surface, as the top 194 

surface is freely grown without a geometric boundary condition as we set for the bottom 195 

surface (Supplementary Fig. 7).  196 

 197 

To attest the above elaborated theory coincides with our experimental observations on 198 

GSC formation, we have also excluded the possibilities of other potential factors 199 

dominating the GSCs formation. First, we explored the effect of substrate roughness. 200 

Supplementary Fig. 8 shows the representative AFM images of perovskite thin films 201 

fabricated on FTO and silicon wafer substrates which present much higher and lower 202 

roughness than SnO2 ETL, respectively. GSCs are generally observed in both cases, 203 

despite a difference in the detailed geometries. Then, although there are occasional 204 

bulges on the SnO2 ETL surface, they cannot be a major contributing factor, either, 205 

considering the substantial difference in the geometric characteristics between the 206 

bulges and GSCs (Supplementary Fig. 9). Third, since the perovskite bottom surfaces 207 

for AFM characterization are obtained from a mechanical peeling process, 208 

nanofragments from perovskite surface may be peeled off, which can influence the 209 

bottom surface geometry. But such nanofragments of no statistical significance are 210 

experimentally found to be mostly taken from the GBG region of the perovskite bottom 211 

surface (Supplementary Fig. 10).  212 

 213 

Based on the consolidated theory, as known from Equation (1), to minimize GSCs, we 214 

will need to reduce the out-of-plane deformation εz_BTS by minimizing (2γs - γgb)1/2. This 215 



rationalizes our employment of the surfactant molecule TFSAP additive to tailor the 216 

GB and surface energies.22,23 As shown in Figure 2b left panel, in TFSAP, the organic 217 

anion possesses two functional groups, a short all-fluorinated carbon chain and a sulfo 218 

group. Regarding the K+ cation, it does not impose a notable effect on microstructure 219 

and surface morphology, as supported by the AFM observations when an alternative 220 

additive of KI applied at the same concentration (Supplementary Fig. 11). The organic 221 

anion of TFSAP tends to homogenously interact with the perovskite grains surfaces and 222 

GBs via the head-tail configuration (Figure 2b middle panel), which can be attributed 223 

to two factors: (i) the polar, electron-rich sulfo group can anchor on the iodide vacancies; 224 

(ii) the all-fluorinated carbon chain contains maximum electron pairs that could 225 

effectively prevent self-aggregation. Therefore, TFSAP can reduce the surface and GB 226 

energies, as well as the difference between the two. We experimentally determined γs 227 

using the standard OWRK method 24 and then γgb based on the width-depth (w-d) 228 

relationship of the Mullins' GBG model.25 The contact angle images with water and 229 

diiodomethane are collected in Supplementary Fig. 12. The values of contact angle 230 

are listed in Supplementary Table 1. The associated method details are illustrated in 231 

the Methods. The obtained γs, γgb and Δγ (2γs - γgb) are shown in Figure 2c, and the 232 

normalized εz_BTS are shown in Figure 2d. As expected, there are decreases of γs from 233 

0.047 to 0.029 N m-1, and γgb from 0.031 to 0.015 N m-1, leading to the decrease of 234 

normalized εz_BTS from 1.00 to 0.82. TFSAP, with sulfonic acid groups rich in electron 235 

pairs, can form coordination bonds with Pb atoms to segregate on the grain surface and 236 

GBs. Simultaneously, this chemical interaction can also inhibit the surface diffusion of 237 

solid-state ions. Since the solid-state ion flow is mainly mediated by surface/interface 238 

vacancies, as illustrated in Supplementary Fig. 13, by passivating these vacancies, the 239 

ion flow may be inhibited. The inhibition effect on ion flow could be also related to the 240 

size of the molecules, as a larger molecule can serve as a kinetically more stable barrier 241 

for the solid-state ion flow. Therefore, the solid-state ion flow in the GB grooving 242 

process can be greatly alleviated (Figure 2b right panel).17 These results well support 243 

our proposed mechanism for GSC microstructural evolution and elucidate the role of 244 

TFSAP. In addition to using TFSAP, we also used two other surfactant molecules 245 

Pluronic® P-123 and N,N,N-Trimethyloctan-1-aminium chloride (NTAC), finding 246 

similar effects on the grain micro-surface (Supplementary Fig. 14). Specifically, the -247 

OH groups at the two tails of Pluronic® P123 can form relatively weak hydrogen bonds 248 

with organic FA+ cations in perovskite, while the quaternary ammonium cations of 249 

NTAC can interact with iodide ions in perovskite. These interacting surface molecules 250 

tailor the interfacial energies to relax BTS and hinder ion flow, thus leading to the GSC 251 

elimination. Therefore, our proposed mechanism applies to the P123 and NTAC cases, 252 

regardless of their distinct molecular structures and different interaction modes with 253 

perovskite grains. These reflect that our GSC approach can be generic and there is space 254 

for future optimization. 255 

 256 

GSC effects on heterointerfacial properties 257 

 258 

Then we assessed the optoelectronic and chemical properties of the perovskite-CTL 259 



heterointerfaces before and after the GSC engineering. The steady-state 260 

photoluminescence (PL) spectra of both perovskite films on quartz substrates are shown 261 

in Figure 3a, which indicate significantly reduced nonradiative recombination in the 262 

presence of GSCs, attributing to the physical passivation effect on free surfaces in GSCs 263 

to reduce trap densities.26,27 We further acquired time-resolved PL (TRPL) spectra in 264 

Figure 3b for both films with and without GSCs deposited on SnO2-ETL-coated ITO. 265 

We found that the average PL lifetime (τavg) decreases from 32.7 to 14.8 ns in the 266 

absence of GSCs, suggesting the electron-extracting properties of the perovskite 267 

heterointerface are strongly enhanced. The steady-state PL measurements based on the 268 

ITO/SnO2 ETL/perovskite sample structures also show consistent results 269 

(Supplementary Fig. 15). To quantitatively measure the trap density, we performed 270 

space-charge-limited current (SCLC) measurements on both perovskite films, as shown 271 

in Figure 3c. The value of trap-filled-voltage (VTFL) decreases from 0.122 to 0.088 V, 272 

corresponding to a decrease of trap density from 1.499×1014 to 1.082×1014 cm-3 after 273 

the GSC engineering. We also conducted PL measurements on flipped, delaminated 274 

perovskite films, as shown in Supplementary Fig. 16. For the target film, the peak 275 

intensity of the steady-state PL spectrum is higher. The photocarrier lifetime (578 ns) 276 

fit from the TRPL spectrum is also longer than that for the pristine film (99 ns). Both 277 

suggests a lower intensity of trap states on the bottom surface of the target film. We 278 

further measured PL spectra from the bottom sides of both pristine and target films 279 

deposited on SnO2 ETL coated quartz substrates. We observed a more effective PL 280 

quenching in the target film (Supplementary Fig. 17). Figure 3d-e show the 281 

comparison of the optical absorption spectra of both perovskite films with and without 282 

GSCs under accelerated aging tests (3-sun-intensity, and 80℃). According to the 283 

normalized absorbance variations at the wavelength of 700 nm for both films 284 

(Supplementary Fig. 18), the target film shows only a marginal decrease in absorbance 285 

and the film color remained black, while the pristine film degraded quickly. This is 286 

consistent with our hypothesis that the GSC-induced nanovoids can serve as initial 287 

degradation sites since a free bottom surface tends to suffer more severely from 288 

photothermal and environmental stresses, which aligns with that of inter-grain 289 

nanovoids in earlier studies.15,17,28 PL mapping images and X-ray diffraction (XRD) 290 

patterns in Supplementary Fig. 19-20 also attest to the enhanced chemical stability 291 

after the GSC engineering. There could be also a positive contribution of the TFSAP 292 

chemical functionalization on these properties, e.g. moisture tolerance 293 

(Supplementary Fig. 21), which can be considered in addition to the effects of 294 

transformed grain micro-surfaces. 295 

 296 

Next, we investigated the crucial thermomechanical properties of the perovskite-CTL 297 

heterointerfaces. We performed infrared-pump visible-probe (IPVP) transient 298 

absorption (TA) spectroscopy 29 to assess the heat-transfer dynamics of heterointerfaces 299 

with and without GSCs, with associated details illustrated in Methods. The differential 300 

change in transmittance (dT/T) can assess the heat-transport ability. 29 Figure 3f-g show 301 

the variation of dT/T under different delay time. The heterointerface without GSCs 302 

exhibit an enhanced decrease as compare with pristine samples, corresponding to faster 303 



heterointerfacial heat-transfer. It reveals that GSC-induced nanovoids hinder heat-304 

transfer in heterointerfaces. Supplementary Fig. 22 illustrates the constructed micro-305 

interfacial models for calculating thermal conductivity k, where nanogap is simplified 306 

as a rectangle air gap. The overall k increase from 0.287 with GSCs to 0.358 W m-1 K-307 
1 in the absence of GSCs, supporting the results obtained in IPVP TA experiments. We 308 

further employed finite element analysis (FEA) based on the models in Supplementary 309 

Fig. 23, and the 2D temperature distribution is shown in Figure 3h and temperature-310 

line profiles are shown in Supplementary Fig. 24 with a case of internal thermal source. 311 

The strongly increased temperature and the inhomogeneous out-of-plane distribution 312 

are observed in the nanogap region, proving that GSCs not only act as an interfacial 313 

thermal resistance for vertical interfacial heat transfer but also induce non-uniform 314 

temperature distributions at the grain bottom. The temperature distribution as a case of 315 

an external thermal source delivers the same conclusion, as shown in Supplementary 316 

Fig. 25. As a result of these effects, heat accumulation is expected in the pristine 317 

perovskite film, potentially leading to thermochemical and thermomechanical issues 318 

during the device durability tests, under two kinds of thermal gradients of internal and 319 

external heat sources. In addition, Supplementary Fig. 26 reveals the thermal stress 320 

accumulation at the junction point under the deformation of micro-heterointerface with 321 

GSCs at -40℃ and 85℃, which is the other stressors to break the mechanically grain-322 

CTL connection under severe temperatures in the thermal cycling test.  323 

 324 

For assessing the mechanical reliability at the perovskite-CTL heterointerface,30 we 325 

employed a tape test based on the ASTM D3359 standard. This international standard 326 

is widely used to assess the adhesion reliability of a film to a substrate. The 327 

experimental process is schematically illustrated in Figure 3i. Here, standard 328 

perovskite grids (1×1 mm2) were manually prefabricated onto the film by blades. Then 329 

we use the glass substrate with epoxy at the corners as the tape to delaminate perovskite 330 

grids from the SnO2 CTL surface. The normalized delaminated area can qualitatively 331 

reflect the mechanical adhesion strength of the perovskite grains onto the SnO2-ETL-332 

coated ITO. Figure 3j-k are photographs of residual perovskite grids (on SnO2-ETL-333 

coated ITO) for the pristine and target cases, which clearly reflect the stronger film 334 

adhesion in the absence of GSCs. The statistical distributions of normalized 335 

delaminated areas for both perovskite films are shown in Figure 3k. The GSC 336 

engineering decreases the mean values of normalized delaminated areas from 0.740 to 337 

0.524. We attributed the enhancement in overall film mechanical reliability to the 338 

accumulation of individual micro-heterointerfaces where grains have been in full 339 

contact with the SnO2 ETL. While herein the chemical interaction of TFSAP with 340 

perovskite and SnO2 may contribute to the improved adhesion strength, it is not 341 

considered as a dominating factor. To support this, we employed P123 and NTAC as 342 

the processing additive which led to a similar elimination of GSCs, but these additives 343 

are not expected to exhibit very profound chemical interaction with either SnO2 or 344 

perovskite. Nevertheless, a similar level of improvement in interfacial adhesion 345 

strength to that caused by TFSAP is observed (Supplementary Fig. 27). In the 346 

meanwhile, when we used potassium trifluoromethanesulfonate (PTFS) containing the 347 



same functional group as TFSAP while cannot flattening GSCs (Supplementary Fig. 348 

28), we did not observe a notable improvement in the adhesion strength 349 

(Supplementary Fig. 27). The benefit of the non-concaved grains can be further 350 

amplified when an interfacial molecular glue is used, which in turn attests to the 351 

microstructural effects. We tested a reported interfacial glue of iodine-terminated self-352 

assembled monolayer (I-SAM), (3-iodopropyl)trimethoxysilane (Si(OCH3)3(CH2)3I) 13 353 

between perovskite grains and ETL. As shown in Figure 3l, with the I-SAM, the target 354 

film can demonstrate a further boosted interfacial adhesion, with the mean value 355 

decreasing from 0.291 to 0.118. It can be observed that I-SAM deposition on SnO2 ETL 356 

surface can have a more profound contribution to the interfacial reliability enhancement, 357 

as compared to GSC minimization solely. Nevertheless, as GSC minimization increases 358 

the interfacial contact area, it further facilitates the formation of more effective 359 

interfacial hydrogen bonds via I-SAM incorporation. To provide a more intuitive 360 

illustration, we grouped the delamination experiment results according to the ASTM 361 

D3359 standard to rating the adhesion, ranging from scale 0B to scale 5B, where 0B 362 

represents the worst while 5B represents the best adhesion strength, as shown in Figure 363 

3m. The distribution of 0B-5B matches the results Figure 3l, where target group 364 

without GSCs overall obtained a better adhesion scale. We expect that the flat grains 365 

create more molecular bonds in the grain centers, thus demonstrating interfacial 366 

adhesion, as shown in Supplementary Fig. 29. These results show that minimizing 367 

GSCs not only enhances the mechanical reliability on perovskite-CTL heterointerface 368 

but also imposes an additional positive effect on the established SAM-based interfacial 369 

engineering.  370 

 371 

GSC effects on device performance and durability 372 

 373 

We evaluated the effects of minimized GSCs on device photovoltaic and durability 374 

performances with the conventional device structure of ITO/SnO2 ETL/Perovskite 375 

film/Spiro-OMeTAD/Au. Figure 4a shows the current density-voltage (J-V) curves of 376 

the champion PSC devices at reverse scan for both pristine and target films. To explore 377 

the efficiency potential, minimizing GSCs at grain-CTL heterointerfaces has 378 

significantly improved the optoelectronic performance of devices, leading to a PCE of 379 

25.5% with an open-circuit voltage (VOC) of 1.21V, a short-circuit current density (JSC) 380 

of 25.69 mA cm-2, and a fill factor (FF) of 0.82. The external quantum efficiency (EQE) 381 

spectrum of this PSC device with an integrated JSC of 24.60 mA cm-2 is shown in Figure 382 

4b, demonstrating a consistent integrated current density. For comparison, the 383 

champion PSC made with the pristine film shows a PCE of 23.3% with a VOC of 1.17 384 

V, a JSC of 25.17 mA cm-2, and a FF of 0.79. Figure 4c shows the PCEs statistical 385 

distributions of devices with and without GSCs. The significant improvement of VOC 386 

and FF can be explained by the boosted electron-extraction and reduced non-radiative 387 

recombination in perovskite films without GSCs (Figure 3a-c). We attribute this 388 

improvement mainly to the improved functional integrity of micro-heterointerfaces 389 

owing to GSCs minimization.  390 

 391 



We then obtained the PSC durability results under different external stressors following 392 

international standard protocols, as shown in Figure 4d-f.4 We consider that Spiro-393 

OMeTAD hole-transporting layers (HTLs) can have uncertain influence to the device 394 

durability results although using it is suitable for demonstrating the efficiency potential. 395 

Therefore, the PSC devices for these durability tests adopt PTAA HTLs. First, we 396 

monitored the PCE variations of PSCs under thermal fatigue stressors. The thermal-397 

cycling test was performed in a program-controlled environmental chamber, following 398 

the ISOS-T-3 protocol that entails thermal cycles from -40°C to 85°C. For the PSC 399 

without GSCs, typically, 83% of the initial PCE is retained after 300 temperature cycles 400 

(Figure 4d), largely outperforming that (40%) of the regular PSC. Note that the initial 401 

PCEs of devices with and without GSCs in the ISOS-T-3 tests are typically 19.9% and 402 

21.0%, respectively. Figure 4g illustrates the periodic compressive-tensile strain 403 

(Supplementary Fig. 26) caused by the difference in thermal expansion coefficients 404 

on the perovskite heterointerface during the thermal cycling test. Unlike the case of 405 

non-concaved grains, GSCs locally break the structural integrity of micro-406 

heterointerfaces and leave nanovoids contained at the grain-CTL micro-heterointerface, 407 

leading to only mechanically weak grain ridge-based connections as shown in the right 408 

panel. This weak connection can easily cause delamination under interfacial fatigue 409 

because of the abnormal increase of interfacial stress in micro-interfaces with GSCs 410 

(Supplementary Fig. 26). Supplementary Fig. 30 confirms that severe grain 411 

degradation and interfacial delamination have occurred after 300 thermal cycles for the 412 

pristine case, whereas for the non-concaved case, the high-integrity of the grain-CTL 413 

micro-heterointerface is retained. Then, we expect that the existence of these GSCs-414 

induced nanovoids can accommodate the moisture and hinder the heat transfer at the 415 

micro-interface in the damp-heat test, as illustrated in the inset of Figure 4h. We 416 

evaluated the device durability under damp-heat conditions (85°C, 85%RH) following 417 

the ISOS-D-3 protocol. Typically, PSCs without GSCs can maintain 90% of their initial 418 

efficiency after 660 h testing (Figure 4e), and the regular PSC shows only 45%. Note 419 

that the initial PCEs of devices with and without GSCs are typically 20.3% and 21.5% 420 

in the ISOS-D-3 tests, respectively. The elimination of nanovoids in buried 421 

heterointerface (as natural hosts for moisture molecules), together with the homogenous 422 

distribution of TFSAP on interfaces with hydrophobic fluorocarbon chains, contributes 423 

to the better humidity durability in target devices (Supplementary Fig. 21). The 424 

homogeneous lateral temperature distribution and facilitated grain-SnO2 heat transfer 425 

also promote better high-temperature durability in target devices (Figure 3f-h). 426 

Furthermore, we performed maximum power point (MPP) tracking tests following the 427 

ISOS-L-1l protocol. Typically, upon MPP operation for 1290 h, the PSC without GSCs 428 

still maintains 90% of the initial PCE (Figure 4f), whereas the regular device stands 429 

for only 144 h before the initial PCE drops to 90%. Note that the initial PCEs of devices 430 

with and without GSCs are typically 20.5% and 21.4% in the ISOS-L-1l -tests, 431 

respectively.  Since GSCs introduce more free micro-surfaces which are not physically 432 

passivated by the SnO2 ETL, it is not surprising that GSCs can serve as facile sites 433 

where the loss of stoichiometry can occur at the illustration side (Figure 4i inset), as 434 

demonstrated by the better rigorous photothermal stability of perovskite films without 435 



GSCs (Figure 3d-e). In addition, excess photogenerated carriers localized at GSCs 436 

could not be effectively extracted by SnO2 ETL (Figure 3b), which can induce charge 437 

accumulation and accelerate the perovskite degradation via enhanced ion activities.31 438 

The combination of excellent thermal cycling, damp-heat, and MPP tracking stabilities 439 

are comparable to the best in the literature.5,32-36 440 

 441 

Finally, confirming the positive effects of GSCs minimization requires excluding the 442 

possible contributions from surfactant’s chemical passivation and GBGs flattening. In 443 

this regard, we observed that there is strong consistency between the varying trend of 444 

the GSC angles and device PCEs by optimizing the TFSAP addition amount. Also, we 445 

used sodium dodecyl benzene sulfonate (SDBS; a classic surfactant molecule with 446 

sulfonic acid group) and PTFS (shorter carbon fluorine chain than TFSAP), we 447 

observed limited effects of these two molecules in altering the GSC geometry when the 448 

same additive concentration is applied as TFSAP, as shown in Supplementary Fig. 28. 449 

While these two are expected to exhibit similar chemical passivation effects at the 450 

molecule scale like TFSAP,37,38 under our specific experimental conditions, we did not 451 

observe any notable increase in the PL intensity and device PCEs (Supplementary Fig. 452 

31).  Therefore, we deduce that the contribution of TFSAP to the device improvement 453 

is primarily from the observed GSC geometry optimization rather than its possible 454 

chemical passivation effects. Furthermore, we fabricated perovskite films with GBGs 455 

flattened to a similar angle θ using a previous reported method.17 The AFM images of 456 

perovskite bottom surface and statistical distribution of GBG angle θ are shown in 457 

Supplementary Fig. 32. The J-V performance and device stability demonstrate a lower 458 

level of improvement as compared to the approach used in this work, dictating the 459 

nontrivial role of GSCs minimization on the overall device improvements. Finally, 460 

while an effective GSC elimination is found to contribute to the enhancement in device 461 

performance, there could also be other potentially negative factors triggered by the 462 

additives. Taking the P123 case as an example, to induce the GSC elimination, a relatively 463 

high additive concentration is used, which creates insulating surface and thus lead to an 464 

only limited PCE increase (Supplementary Fig. 33).  465 

 466 

Conclusions 467 

In summary, we have revealed a previously overlooked microstructure, GSC, and 468 

elucidated its microstructural evolution process, along with its detrimental effects on 469 

the structural integrity, charge-extracting, chemical stability, and thermomechanical 470 

reliability of the buried perovskite grain-CTL heterointerfaces Through using the 471 

surfactant molecule TFSAP to minimize GSCs, we have successfully constructed a 472 

robust perovskite heterointerface in PSCs, consisting near-ideal micro-heterointerface 473 

segments. The resultant PSC not only delivers an improved PCE of 25.5 % but also 474 

retains its initial efficiencies of 83%, 90%, and 90% after undergoing 300 thermal 475 

cycles (ISOS-T-3 protocol), 660 h of damp-heat exposure (ISOS-D-3 protocol), and 476 

1290 h of MPP operation (ISOS-L-1l protocol), respectively.  This study highlights a 477 

crucial but neglected perovskite surface microstructure type, and its nontrivial effects 478 

on the performance and durability of PSCs. The insights into the microscopic structure-479 



property-performance relationship gained from this work can add to our established 480 

understandings and contribute to the broad efforts developing highly efficient and stable 481 

PSCs and other optoelectronic devices.  482 

 483 

Methods 484 

Raw materials. Tin (IV) oxide (15 wt.% in H2O colloidal dispersion) was purchased 485 

from Alfa Aesar (USA). PbI2 (99.99%), (3-iodopropyl)trimethoxysilane 486 

(Si(OCH3)3(CH2)3I, 95%) and 4-Isopropyl-4'-methyldiphenyliodonium 487 

Tetrakis(pentafluorophenyl)borate (TPFB, >98%) were purchased from TCI (Japan). 488 

HC(NH2)2I (FAI, >99.99%), methylammonium chloride (MACl, >99.99%), 4-489 

methoxy-phenethylammonium-iodide (MeO-PEAI, >99.99%) and FK 209 Co(III) 490 

TFSI salt were purchased from Greatcell Solar (Australia). CsI (99.999%) and PTAA 491 

was purchased from Xi’an Yuri Solar (China). Spiro-OMeTAD (99.8%) was purchased 492 

from Borun Chemical (China). Tridecafluorohexane-1-sulfonic acid potassium salt 493 

(TFSAP, 95%) was purchased from Macklin (China). Potassium chloride (KCl, 99.0-494 

100.5%), poly(methylmethacrylate) (PMMA), 4-tert-butylpyridine (t-bp, 96%), 495 

Bis(trifluoromethane) sulfonimide lithium salt (99.95%), PbBr2 (≥99%), dimethyl 496 

sulfoxide (DMSO, 99.9%), dimethylformamide (DMF, 99.8%), chlorobenzene (CB, 497 

99.8%), toluene (TB, 99.8%), acetonitrile (ACN, >99.9%), Diethyl ether (DE, 99%) 498 

and isopropyl alcohol (IPA, 99.5%) were acquired from Merck (USA). 499 

Dichloromethane was purchased from International Laboratory USA. 500 

 501 

Device Fabrication. The pre-patterned ITO substrates were cleaned by sonication with 502 

deionized water, acetone, and isopropanol for 15 min each. All substrates were cleaned 503 

by ultraviolet (UV)/ozone treatment for 30 min after drying by N2 gas flowing. The 504 

SnO2 colloid precursor was diluted with deionized water (v/v 1:5), and was spin-coated 505 

onto ITO substrates at 3000 rpm for 30s with a subsequent annealing at 180 ℃ for 30 506 

min. The as-prepared SnO2 film was treated by UV/ozone for 10 min before subsequent 507 

deposition. KCl solution (3 mg/mL in DI water) was spin-coated on the SnO2 layer at a 508 

speed of 4000 rpm for 20 s with a subsequent annealing at 100 ℃ for 10 min. The 509 

perovskite film fabrication processes of two components were listed below. TFSAP 510 

mother solution was prepared in mixed DMF-DMSO solvent and was added into 511 

perovskite precursor to promote a concentration of 0.6 mg/mL in target perovskite film. 512 

The HTL solution were prepared by mixing 1 mL Spiro-OMeTAD solution (91 mg/mL 513 

in chlorobenzene) with 36 μL 4-tertbutylpyridine, 21 μL Li-TFSI solution (520 mg/mL 514 

in acetonitrile) and 16 μL FK209 solution (375 mg/mL in acetonitrile). Then 50 μL of 515 

HTL solution was spin-coated onto the perovskite layer at 3000 rpm for 30 s. Spiro-516 

OMeTAD layer was placed in in a drying oven (humidity less than 5%) for 2 days to 517 

promote the oxidation process of Spiro-OMeTAD. For the stability test, PTAA was used 518 

to replace Spiro-OMeTAD. Herein 50 μL of PTAA solution (30 mg/ml in CB with 3 519 

mg/ml TPFB doping) was spin-coated onto the perovskite layer at 2000 rpm for 30s. 520 

Finally, 80 nm Au was deposited by thermal evaporation. For device encapsulation, we 521 

applied UV glues at the device edges, following by a typical curing process.  522 

 523 



FA0.9Cs0.1PbI3 perovskite layer: This FA-Cs composition was used for fundamental 524 

investigation. The perovskite precursor solution was prepared by dissolving 36 mg CsI, 525 

154.7 mg FAI and 461 mg PbI2 in 1 mL mixed DMF-DMSO solvent (v/v 7:3). The 526 

precursor solution was stirred at room temperature overnight and then filtered before 527 

using. A 50 μL precursor solution was dripped onto the SnO2 ETL surface. The spin-528 

coating process was carried out in three steps: 500 rpm for 5 s, 3000 rpm for 10 s, and 529 

finally 5000 rpm for 30 s. At the 10 s of the final step, 400 μL of toluene was dropped 530 

onto the substrate within 1s. The deposited film was immediately annealed on a 170°C 531 

hotplate for 6 min.  532 

 533 

(FA0.95Cs0.05PbI3)0.975(MAPbBr3)0.025 perovskite layer: This composition was used for 534 

high-PCE device demonstration. The perovskite precursor solution was prepared by 535 

dissolving 228.8 mg FAI, 18.2 mg CsI, 33.7 mg MACl, 705.3 mg PbI2 and 18.2 mg 536 

MAPbBr3 single crystal in 1 mL mixed DMF-DMSO (v/v 8:1). MAPbBr3 single crystal 537 

was synthesized by mixing MABr and PbBr2 in a 1:1 molar ratio with a concentration 538 

of 0.2 M in DMF solvent and capturing the single crystal with dichloromethane 539 

antisolvent. Then 60 μL precursor solution was dripped onto the SnO2 layer, followed 540 

by a two-stage spin-coating process (1000 rpm for 10 s and 4000 rpm for 30 s). 800 μL 541 

diethyl ether was dropped onto the spinning perovskite surface within 2 s at the 15s of 542 

the second step. The wet film was annealed on a 100 ℃ hotplate for 40 min. After the 543 

film had been cooled to room temperature, 50 μL MeO-PEAI (dissolved in IPA; 4 544 

mg/ml) passivation layer was spin-coated onto the perovskite layer at 5000 rpm for 30 545 

s, followed by annealing at 100 ℃ for 5 min to improve overall VOC of all PSC devices. 546 

 547 

Materials and device characterization. The AFM topographic images of the 548 

perovskite layers were acquired using the Multimode 8 (Bruker, USA) with a RTESP-549 

300 tip in non-contact tapping mode. A scanning electron microscope (Gemini 1530, 550 

LEO, Zeiss, Germany) was used for characterizing the top-view surface and cross-551 

sectional SEM images. XRD (D8 Advance, Bruker, USA) with Cu Kα radiation (λ = 552 

1.5406 Å) was used to characterize the crystallographic structure of the perovskite layer. 553 

The steady-state PL and TRPL signals were directed into a spectrograph (Ando Kymera 554 

328i) with the excitation of a 375 nm picosecond laser (LDH-D-C-375, PicoQuant, 555 

Germany). The PL signal was further collected by an electron multiplying charge-556 

coupled device (EMCCD; Andor iXon Life 888, Oxford Instruments, UK) for the 557 

steady-state PL and a single-photon avalanche photodiode for the TRPL measurements. 558 

For the measurement of PL from the bottom side of the fabricated perovskite films, a 559 

quartz was used to replace the ITO glass substrate to minimize light scattering. PL 560 

mapping images were captured by a digital microscope camera (Nikon DS-Qi2) with a 561 

UV light source (250-450 nm) and a filter (long pass after 726 nm). UV-vis spectra 562 

were acquired by a commercial UV-visible spectrophotometer (Cary 300, Agilent, 563 

USA).  564 

 565 

The J-V characterization for perovskite devices was measured by a source meter (2612, 566 

Keithley, USA) under an AM 1.5G spectrum (one-sun illumination; 100 mW cm-2) 567 



generated by an AAA-class solar simulator (Sirius-SS, Zolix, China) in a glovebox 568 

filled with nitrogen. All devices were measured in a reverse scan (from 1.3 V to -0.02 569 

V) with a step size of 0.02 V and a delay time of 10 ms. The active area defined by a 570 

shadow mask was 0.05 cm2. The light intensity was calibrated by an Oriel® reference 571 

solar cell accredited by NIST to the ISO-17025 standard. External quantum efficiency 572 

spectra were recorded at a chopping frequency of 165 Hz in AC mode on a solar cell 573 

quantum efficiency measurement system (QE-R3011, Enlitech, China). For the MPP 574 

tracking test of PSC devices, devices were placed inside a test chamber in a nitrogen 575 

glovebox, with a continuous flow of N2 gas to maintain the temperature of test chamber 576 

to 40-50 ℃, following the ISOS-L-1l protocol. The devices operated under bias at their 577 

maximum power points, with data points collected at regular intervals. For the thermal 578 

cycling stability test (ISOS-T-3 protocol), encapsulated devices were placed in an 579 

environmental chamber controlled by the self-defined program. The temperature was 580 

set to be cycled between -40 ℃ and +85 ℃, with each cycle lasting 54 min. The 581 

temperature variation curve of a cycle (54 min) during the thermal cycling test is shown 582 

in Supplementary Fig. 34. The humidity was controlled to below 20% RH. The PCE 583 

test of devices was in the nitrogen glovebox on room temperature. For the damp heat 584 

stability test (ISOS-D-3 protocol), encapsulated devices were placed in an 585 

environmental chamber with a temperature of 85 ℃ and a humidity of 85% RH. The 586 

PCE test of devices was also in the nitrogen glovebox on room temperature. 587 

 588 

For the measurement process of the side angles of GBGs and GSCs, in the sample 589 

preparation, we applied an epoxy glue on the PMMA-protected perovskite layer and 590 

then covered the film with a glass slide. Then, we stored the samples in a dark, dry box 591 

(RH<15%) until the epoxy was completely cured and reached its maximum bonding 592 

strength. We deliberately labelled the corresponding locations (using a glass cutter to 593 

pre-mark a grid on the glass backside of the substrate to label the SnO2 region) to ensure 594 

the probed surfaces of SnO2 top and perovskite bottom are from the correlated region. 595 

Similarly, a relatively smaller grid within the former was also pre-marked on the 596 

backside of the cover glass to label the perovskite region. Supplementary Fig. 35 597 

indicated that the spatial differences of AFM morphology can be considered negligible 598 

in corresponding locations. Then, we applied a force to delaminate the perovskite layer 599 

from the SnO2 ETL. This method can effectively separate the perovskite bottom surface 600 

from the SnO2 surface without degrading the perovskite film (in regions of sufficient 601 

area). Then, we performed high-resolution AFM scans on both SnO2 top surface and 602 

perovskite bottom surface to acquire 2D height profiles. AFM height images were 603 

analyzed using NanoScope Analysis software (V1.8). From these images, profiles of 604 

grain boundary grooves and intragrain height were extracted. For the standardized 605 

perovskite film delamination test, samples with the structure 606 

ITO/SnO2/perovskite/PMMA were fabricated firstly. The SnO2 and perovskite layers 607 

were prepared as the method of PSC devices. Then PMMA solution (10 mg/mL in CB) 608 

was spin-coated at 3000 rpm for 30 seconds onto the perovskite surface, and samples 609 

were placed in a nitrogen glovebox until the solvent completely evaporated. PMMA 610 

layer was used to prevent a reaction between the epoxy resin and the perovskite layer. 611 



A blade array with 1 mm spacing was used to scribe the sample surface for fabricating 612 

a standard grid. A thin layer of epoxy film (2 µm) was applied to glue a glass substrate 613 

onto the film structure, which is kept in the dry air glovebox (< 15% RH) for complete 614 

epoxy curing. The delaminated area ratio was calculated by comparing the number of 615 

perovskite grids on the peeled glass substrate to the number of total grids covered by 616 

epoxy. Rating the scale of interfacial adhesion was based on ASTM D3359 standard. 617 

0B represented that the removed area from substrate is greater than 65%, corresponding 618 

to the poorest interfacial strength. 1B, 2B, 3B, and 4B represented the 35-65%, 15-25%, 619 

5-15% and less than 5% removed area, respectively. 5B represented that no residual 620 

area on the substrate after delamination, corresponding to the strongest interfacial 621 

strength. For each GB and grain micro-surface, we conducted two measurements at 622 

different positions on it for the accuracy of θ and ξ. 623 

 624 

For the thermal transport measurement, the IPVP TA experiments were performed for 625 

samples with a structure of Glass/ITO/SnO2/Perovskite/PMMA. In IPVP TA 626 

experiments, the mid-infrared (MIR) pump pulses were produced from a high-energy 627 

MIR optical parametric amplifier (OPA; Orpheus-One-HE, Light Conversion). The 628 

OPA was powered by a Pharos amplifier with 170 fs pulse duration, 1030 nm 629 

wavelength, and 2 kHz repetition rate and reduced into 1 kHz by an optical chopper. 630 

The broadband probe pulses at a 2 kHz repetition rate were produced by a 631 

supercontinuum laser (DISCO-2-UV, Leukos), which was electronically triggered and 632 

delayed from the fs pump laser with a digital delay generator (DG645, Stanford 633 

Research Systems). The transmitted probe light was captured by a high-speed USB 634 

spectrometer (AvaSpec-ULS2048CL-EVO, Avantes). Perovskite and PMMA layers 635 

were kept about 100 and 30 nm thick, respectively. Samples were vibrationally excited 636 

by MIR pulses centered at 3170 nm (resonant with the N-H and C-H stretching modes), 637 

the pump-induced lattice temperature increase results in the transmittance change, 638 

which was captured by a time-delayed, broadband visible probe. Here, dT/T denotes 639 

the differential change in transmittance and is defined as dT/T = (T(t) – T(0))/T(0), 640 

where T(t) is the transmittance at delay time t after the pump excitation and T(0) is the 641 

transmittance prior to the pump excitation. 642 

 643 

The GaussAmp function was used to fit the curves on column diagrams in Figure 1j 644 

and Supplementary Fig. 32. The normal distribution curve was used to fit the column 645 

diagrams in Figure 4c. 646 

 647 

OWRK method. In the OWRK method, according to the balance of forces at the three-648 

phase contact point where air, liquid, and solid meet, Young’s equation is written as 649 

cossv sl lv                                                      (1) 650 

where γsv is the surface free energy of the solid, γsl is the interfacial tension between the 651 

liquid and solid, γlv is the surface tension and θ is the contact angle. The adhesion work 652 

is defined as: 653 

 1 cosa sv lv sl lvW                                                (2) 654 



The combining rule proposed by the OWRK model is indicated below: 655 

 2 D D P P
a sv lv sv lvW                                                     (3) 656 

where γsvD and γlvD are dispersive components, γsvP and γlvP and are polar components 657 

of solid and liquid surface energies, respectively. Combined with Young’s equation, we 658 

get 659 

   1 cos 2 D D P P
lv sv lv sv lv                                           (4) 660 

There are two unknown parameters γsvD and γsvP if the dispersive components and polar 661 

components of the probing liquid are known. Based on that, H2O and diiodomethane 662 

with known dispersive and polar parts of surface tensions are selected to compute the 663 

solid surface free energy, with their parameters listed in Supplementary Table 2. 664 

 665 

Mullins GBG model. The Mullins GBG model was utilized to determine the GB 666 

energy γgb, which can be calculated by the equation: 667 
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where m is typically a constant equal to 4.73, w is the GBG width, and d is the GBG 669 

depth. Surface energy γs has been determined by the OWRK method. The depth and 670 

width values were measured using NanoScope Analysis software (V1.8). A total of 40 671 

times measurements for the groove width and depth and the mean value of them was 672 

utilized to determine the value of γgb in Figure 3c.  673 

 674 

GSC microstructure evolution induced by BTS. We propose a quantitative physical 675 

model to deduce the GSC formation process by BTS and explore the role of TFSAP on 676 

flattening GSCs.21 This model offers a simplification by representing perovskite 677 

crystallites as a perfectly regular array of hexagonal crystallites to simulate the grain 678 

coalescence process. The size of each hexagonal crystallite is 2a, with a height of h. 679 

The out-of-plane separation between adjacent crystallites is denoted as Δ. Let γ1 680 

represent the surface energy of the crystallite, γ2 represent the grain boundary energy, 681 

M represents the Young's modulus, and ν represent the Poisson's ratio. The free energy 682 

per unit film area of each crystallite before coalescence E1 can be expressed as 683 

 684 

1
1 0

2hE E
a


                                                        (1) 685 

where E0 represents the free energy per unit area regarding the upper and lower surfaces, 686 

while the second term denotes the free energy per unit area of the side surfaces. When 687 

crystallites coalesce, each crystallite is applied a biaxial elastic strain to fill the gaps, 688 

resulting in an out-of-plane strain of ε = Δxy/2a. In this process, two side surfaces will 689 

be consumed to form a new grain boundary. The free energy per unit film area of each 690 

crystallite before coalescence E2 can be expressed as 691 

 692 
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where the second term represents grain boundary free energy per unit area and the third 694 

term denotes the strain energy per unit area. M/(1-ν) represents the biaxial modulus of 695 

the crystallites. Here, we did not consider the anisotropy of crystallites and the 696 

constraints from the substrate. When E2 < E1, the grain coalescence process is 697 

spontaneous. When E2 = E1, the maximum out-of-plane deformation Δmax can be 698 

calculated, and we can determine the maximum biaxial tensile stress σmax: 699 
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where γs and γgb are the surface energy and GB energy per unit area, respectively. The 703 

biaxial tensile stress can be very high even for small grains. Considering the less 704 

Young’s Module during thermal-induced coalescence, and the existence of ion plastic 705 

flow at grain surfaces, we speculated that surface deformation occurs via biaxial ion 706 

plastic flow for relaxing this high stress, finally leaving concaves at the grain surface. 707 

 708 

Note that the elaborated theory above is only applicable to the standard case of each 709 

grain containing only one GSC, which is suitable for analyzing the perovskite film with 710 

a standard thickness (~300 nm) as in our work. In practice, we experimentally observed 711 

that when the film thickness is beyond the standard thickness, it become evident that 712 

one grain can contain multiple GSCs, calling for the need of modifying the theory for 713 

further illustrating the GSCs formation.   714 

 715 

 716 

Multiscale FEA simulation 717 

The simulation of the micro-heterointerface was conducted using the finite element 718 

analysis. The thermomechanical parameters of materials were collected in 719 

Supplementary Table 3. 720 

 721 

For the simulation of heat transfer at the micro-interface, only perovskite and adjacent 722 

SnO2 layer were induced. The scale of the perovskite and SnO2 layers were set at 500 723 

× 300 nm2 and 500 × 30 nm2, respectively. GSCs were modeled by adding a crescent-724 

shaped air gap with a length of 460 nm and a depth of 10 nm at the interface. In the 725 

case of internal thermal sources, the middle region of perovskite film needed to be a 726 

thermal source with a constant high temperature. Therefore, the height of the perovskite 727 

grain was reset to 150 nm, and the top boundary (corresponding to the middle region) 728 

was set to be a high temperature. In the models with and without GSC, we divided the 729 



geometry into 3464 and 2324 triangular elements, respectively. In the solid heat transfer 730 

simulation, interfacial thermal resistance was not considered. Boundaries without an 731 

initial temperature set was considered thermally insulated.  732 

 733 

For the thermal stress and solid elastic deformation simulation, Au (80 nm), Spiro-734 

OMeTAD (30 nm), perovskite (300 nm), SnO2 (30 nm), and ITO (140 nm) layers were 735 

all constructed to take the device integrity into consideration.  GSCs were modeled as 736 

the same as the heat transfer simulation. In the models with and without GSC, we 737 

divided the geometry into 2564 and 1704 triangular elements, respectively. For 738 

simplifying the computing, we did not construct the glass substrate with a thickness of 739 

1.1 mm. But we set the bottom boundary of ITO layer as the rigid boundary, considering 740 

the restriction of the thick glass substrate. After setting the boundary conditions for 741 

temperature, the temperature distribution was first calculated. The temperature values 742 

were then used as initial values for subsequent simulations of thermal stress and elastic 743 

deformation. 744 
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Figure 1. Geometric characteristics and chemical tailoring of GSC 774 

microstructures at the perovskite grain-CTL micro-heterointerface. a, b, AFM 775 

topography of the perovskite film bottom surfaces with and without GSCs at the grain-776 

CTL heterointerfaces, respectively. c-f, 2D AFM images (c, d) and 3D AFM images (e, 777 

f) of the selected regions (red-dashed lines) in perovskite film bottom surfaces with and 778 

without GSCs, respectively. The grain (c, e) contains a micro-surface with concaved 779 

centers surrounded by adjacent convex ridges and GBGs, while the grain (d, f) contains 780 

a nearly flat micro-surface. g, h, 2D surface height line-profile (guided by blue dashed 781 

lines) on perovskite film bottom surfaces with (c) and without GSCs (d), respectively. 782 

The typical surface height line-profile (guided by blue dashed lines in Supplementary 783 

Fig. 2a) of the SnO2 ETL top surface is also shown to demonstrate the difference in the 784 

heterointerfacial integrity. As seen, GSCs on pristine grains create obvious nanovoids 785 

in micro-interfaces while target grains do not. i, Schematic illustration showing the 786 

topography of the surface of flipped perovskite grains at the heterointerface. The angles 787 

illustrated using blue and red lines correspond to GBG angle θ and GSC angle ξ, 788 

respectively. θ is defined as the angle between the tangent to the GBG side and the 789 

horizontal direction, while ξ is defined as the angle between the line connecting the 790 

apex of the convex ridge to the center of the GSC and the horizontal direction. j, 791 

Statistical distributions of GBG angle θ of perovskite films with GSCs (sample size n 792 

= 40) and without GSCs (sample size n = 40). k, Statistical distributions of GSC angle 793 

ξ of perovskite films with GSCs (sample size n = 30) and without GSCs (sample size n 794 

= 30). The box plot displays the mean, median line, upper minima and lower maxima, 795 

25~75% box limits with 1.5× interquartile range whiskers.  796 

 797 

Figure 2. Microstructural evolution of GSCs at the perovskite grain-CTL micro-798 

interface. a, Schematic illustration of microstructural evolution of GSCs. Upon the 799 

grain growth of perovskites, the side surfaces of perovskite grains will gradually 800 

approach each other. In grain coalescence, it eventually causes the bonding of adjacent 801 

grain surfaces, as illustrated using the horizontal black dashed lines between perovskite 802 

structures within grains, forming GBs. The bonding-induced biaxial interatomic force 803 

F initially induces lateral deformation εxy, thus causing an out-of-plane deformation εz 804 

(labeled using blue boxes) owing to the global Poisson effect (left panel). In grain 805 

coarsening, GB grooving is lasting, in which solid-state ion continuously diffuses from 806 

the groove to convex ridges aside (middle panel). Finally, GSC (labeled using a semi-807 

transparent blue box) forms under these two mechanistic processes, along with the 808 

generation of convex ridges (labelled using yellow semi-transparent boxes) (right 809 

panel). b, Schematic illustration of the role of TFSAP in tailoring GSCs. TFSAP, 810 

containing a short carbon-fluorine chain, a sulfonic acid and potassium ion (left panel), 811 

is expected to homogenously interact with perovskite surface/interface. It lowers the 812 

εz_BTS via manipulating surface energies and GB energies (middle panel) and suppresses 813 

the ion diffusion in GB grooving (right panel), thereby minimizing the formation of 814 

GSCs. c, The determined surface free energy γs, GB energy γgb and the Δγ in the 815 

perovskite grains with and without GSCs. d, The normalized out-of-plane deformation 816 

εz_BTS  in the perovskite grains with and without GSCs. 817 



 818 

Figure 3. The optoelectronic, chemical, heat-transfer and thermomechanical 819 

properties of the perovskite grains-CTL micro-interface. a, Steady PL spectra of 820 

perovskite films with and without GSCs. b, Normalized TRPL spectra with 821 

biexponential fitting lines of perovskite films with and without GSCs. c, The current-822 

voltage (I-V) curves with exponential fitting lines for the ohmic and trap-filled limited 823 

regions for the capacitor-like perovskite devices with the structure of 824 

ITO/SnO2/perovskite/PCBM/Ag. d-e, Ultra-violet visible (UV-vis) absorption 825 

variations of perovskite films with and without GSCs under rigorous photothermal tests 826 

for 120 h (3-sun-intensity illumination; 80 ℃), respectively. The inset is the optical 827 

photograph of degraded perovskite films after the test.  f-g, The normalized transparent 828 

differential change in transmittance (dT/T) spectra at different pump delay times from 829 

30 ns to 90 ns of perovskite samples with and without GSCs, respectively.   h, The 830 

temperature distribution by FEA of the grain-CTL micro-interface with (top) and 831 

without GSCs (bottom). In this case of the internal thermal source, the temperature 832 

gradient is set from the top surface of the grain (85℃) to the bottom surface of SnO2 833 

layer (20℃). i, Schematic illustration of the delamination process for quantitively 834 

determining the mechanical reliability of the perovskite-CTL heterointerface. Standard 835 

perovskite grids are prefabricated on perovskite films by blade arrays and followed by 836 

a delamination process. The proportion of the delaminated area on the epoxy reflects 837 

the toughness level of the heterointerface. j, k, Optical photographs showing perovskite 838 

film residual areas on the CTL surface after the delamination process for the cases with 839 

and without GSCs, respectively. l, Statistical distributions of the normalized 840 

delaminated area Ad of perovskite films with GSCs (pristine, sample size n = 21; with 841 

I-SAM, sample size n = 7) and without GSCs (pristine, sample size n = 22; with I-SAM, 842 

sample size n = 9) after the delamination process. The box plot displays the mean, 843 

median line, upper minima and lower maxima, 25~75% box limits with 1.5× 844 

interquartile range whiskers. m, Statistical distribution of the scale (0B-5B) for rating 845 

the interfacial adhesion based on the normalized delamination area according to the 846 

ASTM D3359 standard. 0B represents that the removed area from substrate is greater 847 

than 65%, corresponding to the poorest interfacial strength. 1B, 2B, 3B, and 4B 848 

represent the 35-65%, 15-25%, 5-15% and less than 5% removed area, respectively. 5B 849 

represents no residual area on the substrate after delamination, corresponding to the 850 

strongest interfacial strength. 851 

 852 

Figure 4. PCE and durability of PSC devices with and without GSCs at the 853 

perovskite grains-CTL micro-interface. a-b, J–V curves (a) and EQE spectra with 854 

integrated JSC (b) of the champion PSCs with and without GSCs (reverse scan). The 855 

device structure is ITO/SnO2/(FA0.95Cs0.05PbI3)0.975(MAPbBr3)0.025 perovskite/Spiro-856 

OMeTAD/Au. The inset table in (a) shows the extracted J-V parameters. c, PCEs 857 

statistical distributions based on a total of 30 PSCs devices with and without GSCs. d, 858 

Thermal cycling durability (between -40 and +85 ℃) of PSCs with and without GSCs 859 

based on ISOS-T-3 protocol. e, Damp heat durability of PSCs with and without GSCs 860 

based on ISOS-D-3 protocol (85℃; 85%RH). f, MPP tracking of PSCs with/without 861 



GSCs based on ISOS-L-1l protocol (one-sun-intensity illumination; in N2). N2 gas flow 862 

was used for heat dissipation on the device surface, maintaining the temperature at 863 

around 40-50℃. The device structure for d-f is ITO/SnO2/FA0.9Cs0.1PbI3 864 

perovskite/PTAA/Au. g, Schematic illustration of the strain evolution in perovskite film 865 

during -40℃ to 85℃ thermal cycling (left panel), which easily causes the interfacial 866 

delamination at the grain-CTL micro-heterointerface in the presence of the GSC 867 

because of the accumulated thermal stress on convex ridges, as shown in the right panel. 868 

h, Schematic illustration of the role of GSCs at micro-heterointerface in damp-heat test. 869 

GSCs can effectively facilitate the moisture ingression and hinder the grain-CTL heat 870 

transfer, resulting in moisture and heat accumulation at the micro-heterointerface. i, 871 

Schematic illustration of the photothermal decomposition that can easily occur at the 872 

exposed free surface of GSCs. 873 
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