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Broader context

Understanding surfaces and interfaces in halide perovskites is essential because their 

optoelectronic properties are highly sensitive to grain boundaries, vacancies, and 

interstitial defects, all of which strongly affect device efficiency and stability. While 

conventional macroscopic techniques provide valuable information on overall device 

behavior, they generally lack the spatial and temporal resolution required to resolve 

nanoscale heterogeneities and dynamic interfacial processes.

In this review, we present an overview of recent advances in high-resolution 

characterization of perovskite surfaces and interfaces, with a focus on scanning probe 

microscopy (SPM) and its derivative techniques. We summarize the principles and 

applications of AFM, STM, and KPFM for atomic-scale structural and electronic 

mapping, and discuss how integrating SPM with optical and spectroscopic approaches 

enables direct probing of local optoelectronic phenomena. Emerging techniques, 

including SNOM, PL-AFM, AFM-IR, SPVM, as well as time-resolved methods such 

as tr-KPFM and pump–probe KPFM, are highlighted for their ability to capture 

transient carrier dynamics with high spatiotemporal resolution.
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9 Abstract:

10 Halide perovskites have exhibited outstanding optoelectronic properties and been 

11 widely applied in the field of solar cells, detectors, and light emitting diodes. Surface 

12 and interface are crucial for the performance of the perovskite-based devices, as they 

13 could significantly influence carrier transport, recombination and so forth. This review 

14 covers the state-of-the-art techniques for characterizing surface and interface of halide 

15 perovskites, focusing on scanning probe microscopy (SPM) and complementary 

16 techniques for high-resolution characterization. It explores conventional SPM methods, 

17 such as scanning tunneling microscopy (STM), atomic force microscopy (AFM), 

18 Kelvin probe force microscopy (KPFM) and their applications in topography and 

19 optoelectronic properties. The discussion extends to integrated SPM-based 

20 optoelectronic detection technologies like scanning near-field optical microscopy 

21 (SNOM), photoluminescence-AFM (PL-AFM), AFM-infrared spectroscopy (AFM-IR), 

22 and surface photovoltage microscopy (SPVM). Additionally, the review encompasses 

23 time-resolved methodologies, including time-resolved KPFM (tr-KPFM) and pump-

24 probe KPFM (pp-KPFM), which are highlighted for their role in capturing ultrafast 

25 dynamic processes. Collectively, these tools provide a complete structural and 

26 optoelectronic analysis, significantly enhancing our understanding of the surfaces and 

27 interfaces of perovskites and driving advancements in material science and technology. 

28
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29 1. Introduction

30 The rapid technological advancement and industrial growth cause an accelerating 

31 global energy demand and environmental degradation, which underscored the urgent 

32 need for clean and sustainable energy sources. Among various renewable energy 

33 resources, solar energy stands out as one of the most abundant, direct, and 

34 environmentally friendly options. Until now, solar cells have been applicated in many 

35 respects in our daily life. However, the efficiency of solar cells that is currently 

36 harvested and utilized remains suboptimal, largely constrained by limitations in 

37 material properties and architecture. Perovskite solar cells (PSCs) have emerged as a 

38 promising option, revolutionizing the field of photovoltaics with their exceptional 

39 optoelectronic properties.1–7 Halide perovskites typically have the general formula 

40 ABX₃ (where A= Cs+, MA+, FA+; B = Pb2+, Sn2+; X = I-, Br- and Cl-), the distinctive 

41 crystal structure endows them with exceptional optoelectronic conversion efficiency, 

42 which has enabled their widespread application in the photovoltaic industry and in 

43 radiation detection technologies.8–16 Their favorable attributes, including tunable 

44 bandgaps, strong light absorption, long carrier diffusion lengths, and compatibility with 

45 low-temperature solution processing, position PSCs as strong contenders to 

46 conventional silicon-based solar technologies.17–22 Excitingly, PSCs have 

47 demonstrated fast and unprecedented improvements in power conversion efficiency 

48 (PCE), now exceeding 27.0%.23–30

49 Despite these advancements, several challenges impede the commercialization of PSCs. 

50 Notably, issues related to operational stability, scalability, lead toxicity, and device 

51 reproducibility remain unresolved.31–36 A central origin of these challenges lies in the 

52 complex and dynamic behavior of surfaces and interfaces within perovskite-based 

53 devices.37–43 Surface and interface studies have been fundamental in the development 

54 of semiconductor technologies, and they continue to be of paramount importance in the 

55 optimization of next-generation optoelectronic and photovoltaic devices. Structural 

56 imperfections such as grain boundaries (GBs), vacancies, and interstitial defects, 

57 especially at surfaces and interfaces, act as non-radiative recombination centers, 

58 limiting charge carrier lifetimes and device efficiency.44–48 Inhomogeneities at the 

59 atomic scale can further exacerbate these effects, leading to current density–voltage (J–

60 V) hysteresis, ion migration, and performance degradation over time. The interfaces 
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61 between the perovskite, electron transport layer (ETL), and hole transport layer (HTL) 

62 play a critical role in determining energy level alignment, carrier extraction efficiency, 

63 and overall device stability. In addition, ion migration can induce interfacial 

64 degradation, phase segregation, and internal electric field screening, all of which 

65 undermine long-term performance.49 

66 To fundamentally elucidate the structure property relationships that dictate the 

67 performance of PSCs, it is crucial to employ advanced characterization techniques with 

68 both high spatial and temporal resolution, particularly at their structurally and 

69 chemically complex surfaces and interfaces.50  Conventional methods such as scanning 

70 electron microscopy (SEM) and transmission electron microscopy (TEM) are widely 

71 used to investigate the morphology, bulk composition, and crystallinity of the 

72 perovskite layer. Techniques like X-ray diffraction (XRD), X-ray photoelectron 

73 spectroscopy (XPS), and photoluminescence (PL) spectroscopy provide insight into the 

74 crystal structure, chemical states, optical properties, and energy-level alignment of the 

75 materials.22,51–54 Electrical characterization methods, including J–V measurements, 

76 capacitance–voltage (C–V) profiling, and transient response analyses, are commonly 

77 used to assess key device parameters such as defects, mobility, and charge carrier 

78 lifetime.55–57 While these macroscopic techniques offer valuable information on overall 

79 device behavior, they generally lack the spatial resolution necessary to resolve 

80 nanoscale heterogeneities or atomic-scale defects that can critically impact 

81 performance. Furthermore, many of these methods involve high-energy radiation or 

82 intense illumination, which can cause irreversible damage to the perovskite material, 

83 thus limiting their suitability for in situ or repeatable measurements.

84 Scanning probe microscopy (SPM) has emerged as a critical tool for surface and 

85 interface characterization of halide perovskites.58–64 Since the invention of scanning 

86 tunneling microscopy (STM) in 1981 and atomic force microscopy (AFM) in 1986, 

87 SPM techniques have become indispensable for nanoscience.61,65,66 STM enables direct 

88 imaging of electronic structures on conductive surfaces with atomic resolution,67–72 

89 whereas AFM broadens the applicability to insulating and soft materials, including 

90 halide perovskites, based on tip-sample interaction forces.48,73–98 Notably, AFM-

91 derived techniques offer multifaceted capabilities that extend beyond topographic 

92 mapping. In Fig. 1, we outline the related SPM technologies for measuring halide 
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93 perovskites. For example, conductive AFM (c-AFM) can spatially correlate 

94 morphology with local conductivity, identifying features in charge transport at the 

95 nanoscale.54,62,99–107 Kelvin probe force microscopy (KPFM) enables quantitative 

96 surface potential measurements, allowing researchers to visualize charge redistribution, 

97 band bending, and ion migration at GBs and heterointerfaces,60,104,108–121 which is 

98 widely used in the perovskite community.122–133 These phenomena are directly linked 

99 to performance issues such as charge behavior, and device instability. More advanced 

100 KPFM-based methods, including time-resolved KPFM (tr-KPFM) and pump-probe 

101 KPFM (pp-KPFM), allow dynamic tracking of carrier trapping, recombination, and ion 

102 migration processes with sub-millisecond to nanosecond temporal resolution.118,134–149 

103 These techniques provide insights into transient electronic behavior under operating 

104 conditions, bridging the gap between static imaging and real device performance. 

105

106 Fig. 1 Schematic illustration of SPM-based techniques applied to halide perovskites. 

107 Utilizing an atomic tip, researchers can resolve their surface topography, density of 

108 states, and charge distributions with high spatial resolution. When combined with laser 

109 excitation or electric pulses, these approaches can further enable the characterization of 

110 optical responses and transient electrostatic properties.

111 On the other hand, investigating PSCs inherently requires understanding of how 

112 illumination affects material properties. Surface photovoltage (SPV) measurements 

113 integrated with AFM tips enable in situ probing of optoelectronic responses, such as 
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114 the efficiency of photogenerated charge separation.136–138,146 The integration of AFM 

115 with optical techniques is not limited to conventional light sources, coupling AFM with 

116 advanced laser systems allows for deeper exploration of surface physical phenomena. 

117 Recent advancements in hybrid AFM platforms have significantly expanded the 

118 analytical capabilities of these techniques. For instance, scanning near-field optical 

119 microscopy (SNOM) combines focused laser excitation with AFM tips to achieve 

120 localized field enhancement, thereby enabling in situ optical measurements with high 

121 spatial resolution well beyond the diffraction limit.150–157 Photoluminescence-AFM 

122 (PL-AFM), which simultaneously maps surface topography and local luminescence, 

123 reveals critical relationships between structural features and charge recombination 

124 behavior.150,158,159 Likewise, AFM-infrared spectroscopy (AFM-IR) provides 

125 nanoscale-resolved chemical composition analysis,158–161 which is essential for 

126 understanding interfacial degradation mechanisms. These multimodal techniques 

127 enable nano- to atomic-scale analysis in both spatial and spectroscopic dimensions, 

128 surpassing the limitations of traditional optical methods. Moreover, incorporating 

129 modulated laser excitation into pump-probe KPFM (pp-KPFM) setups has significantly 

130 improved the temporal resolution of KPFM-based measurements, enabling the study of 

131 dynamic charge carrier processes and surface potential changes on the picosecond 

132 timescale.135

133 In this review, we present a systematic overview of the above state-of-the-art SPM 

134 techniques and their integration with optical and time-resolved methodologies for 

135 characterizing perovskite materials and devices. These SPM-based approaches 

136 facilitate simultaneous nanoscale mapping of morphological, electronic, and optical 

137 properties, offering a comprehensive understanding of how local heterogeneities impact 

138 macroscopic device performance. These advanced multimodal platforms offer unique 

139 opportunities to unravel the fundamental physical and optical processes at surfaces and 

140 interfaces, which are key to enhancing the efficiency, stability, and scalability of PSCs.

141 2. Scanning probe microscopy for halide perovskites

142 2.1 Atomic-resolution characterization of surface structures

143 AFM has been extensively employed to characterize surface morphology across a wide 

144 range of material systems, including halide perovskites. As schematically illustrated in 
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145 Fig. 2a, a conventional optical beam deflection AFM (OBD-AFM) system consists of 

146 a nanoscale tip mounted on a silicon cantilever, typically with a radius of less than 5 nm. 

147 As the tip approaches the sample surface, interaction forces between tip and sample 

148 such as van der Waals forces, electrostatic forces, and short-range chemical interactions, 

149 induce deflections of the cantilever.75 These deflections are detected by monitoring the 

150 reflection of a laser beam onto a photodetector and are translated into high-resolution 

151 topographic images. When AFM operated at noncontact mode and in the vacuum 

152 environment, surface structure with an atomic resolution can be obtained.75 

153 In an alternative AFM configuration, a qPlus sensor is employed,74 in which a quartz 

154 tuning fork serves as the oscillation sensor with a metallic tip mounted at the end (Fig. 

155 2b). Compared to OBD-AFM, qPlus-AFM typically operates at higher resonance 

156 frequencies and smaller oscillation amplitudes, enables precise detection of frequency 

157 shifts induced by short-range interactions, thus facilitating atomic-scale imaging. To 

158 further enhance spatial resolution and achieve chemical force imaging at the atomic 

159 scale, functionalized tips have been developed. For example, a carbon monoxide (CO) 

160 molecule can be absorbed on the tip apex, effectively reducing the tip radius to the size 

161 of a single atom.162–165 Due to the well-defined bond length and weak binding of the 

162 CO molecule, even subtle variations in surface forces which arising from interatomic 

163 interactions within the target molecules can induce significant shifts in the tip’s 

164 oscillatory behavior. Observation of chemical contrast and even the resolution of 

165 individual intramolecular bonds can be achieved, representing a significant 

166 advancement in AFM. 

167 Moreover, another important function of AFM lies in its ability to measure the 

168 relationship between the local interaction force and the tip-sample distance, known as 

169 force spectroscopy.56 At different tip-sample separations, various types of interaction 

170 forces contribute differently to the total measured force—for example, long-range van 

171 der Waals forces, short-range chemical forces, electrostatic forces, and Pauli repulsion. 

172 By analyzing force spectra acquired at distinct surface locations, one can effectively 

173 identify and differentiate various structural features of the sample surface.

174 STM provides atomic-resolution imaging by exploiting the quantum tunneling of 

175 electrons between a conductive tip and the sample surface under an applied bias voltage, 

176 once their separation is reduced to a few ångströms (Fig. 2c).166,167 As a current-based 

Page 7 of 61 EES Solar

E
E

S
S

ol
ar

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

6/
20

26
 8

:4
3:

29
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6EL00030D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6el00030d


177 technique, STM is intrinsically sensitive to the local electronic density of states (LDOS), 

178 making it particularly effective for probing surface electronic structures such as band 

179 edges, defect states, and charge localization phenomena. However, due to the 

180 semiconductor property and moderate conductivity of halide perovskites, STM 

181 measurements typically require ultrahigh vacuum (UHV) conditions and cryogenic 

182 temperatures to achieve stable tunneling currents, often aided by relatively high bias 

183 voltages.72,168

184 Furthermore, high-resolution STM images can be realized utilizing OBD-AFM and 

185 qPlus-AFM. In this approach, a metallic tip is employed to generate a tunneling current 

186 when it approaches the conductive sample under an applied bias voltage. Distinct from 

187 conventional STM, the tunneling current is measured while the tip is in an oscillating 

188 state. The high-frequency and small-amplitude oscillation of the AFM sensor is 

189 particularly conducive to obtaining high-resolution current mapping. In addition, a 

190 preamplifier and a low-pass filter are required to amplify and process the current signal 

191 for precise electronic acquisition.

192

193 Fig. 2 Schematics of major SPM techniques for imaging halide perovskites. (a) OBD-

194 AFM, tip-sample interaction force is detected by oscillated cantilever. (b) qPlus-AFM, 

195 chemical bond can be identified by a CO functional tip. (c) STM, quantum tunneling 

196 can be measured by a sharp conductive tip through a preamplifier.

197 Achieving atomic-scale resolution in UHV-based STM, OBD-AFM, and qPlus-AFM 

198 measurements imposes stringent requirements on the structural and electronic quality 

199 of perovskite samples. The sample surface must exhibit atomically flat terraces with 

200 well-ordered lattice structures extending over tens of nanometers. For bulk perovskite 

201 crystals, precise cleaving procedures are typically necessitated to expose pristine and 

202 well-defined surfaces suitable for AFM characterization. In the case of perovskite thin 

203 films, such as those prepared via CVD, the film thickness is generally restricted to 
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204 below ~100 nm to ensure sufficient electrical conductivity for STM measurements. As 

205 the tunneling current decays exponentially with tip-sample separation and is 

206 intrinsically weak, excessive resistance within the semiconductor layer can 

207 significantly attenuate the measurable signal. Therefore, rigorous control over film 

208 thickness and the establishment of reliable electrical contact are essential for obtaining 

209 stable tunneling currents and high-quality imaging.

210 The selection of an appropriate substrate and material system is of equal significance. 

211 Conductive metallic substrates, including Au, Ag, or Cu, are frequently utilized in UHV 

212 experiments to provide both chemical stability and efficient electrical grounding while 

213 minimizing substrate-induced perturbations to the electronic properties of the 

214 perovskite layer. Furthermore, in the investigation of low-dimensional or 

215 heterostructure of perovskites, the molecular composition must be strategically 

216 engineered to ensure structural robustness and suppress potential interfacial reactions 

217 during measurement. For example, in two-dimensional/three-dimensional (2D/3D) 

218 perovskite heterostructures, large organic cations are typically incorporated to stabilize 

219 the 2D layers, while smaller cations serve to preserve the structural integrity of the 3D 

220 perovskite framework.

221 2.1.1 Atomic force microscopy with a qPlus sensor (qPlus-AFM)

222 To achieve atomic resolution of perovskite surface, noncontact mode AFM (ncAFM) 

223 under UHV and cryogenic conditions are necessary. A notable study is achieved by K. 

224 Leng et al., they successfully visualized the surface lattice of Ruddlesden-Popper 

225 perovskite (RPPs, BA2MAn-1PbnI3n+1) on Au (111) substrate using ncAFM equipped 

226 with a qPlus sensor.169 Fig. 3a shows the structure model of 2D RPPs. Fig. 3b displays 

227 the large-scale topography of the perovskite film grown on Au (111) substrate. Clear 

228 steps and sharp boundaries of the perovskite layer are observed. By analyzing the height 

229 profile across the boundary, a thickness of approximately 1.4 nm is determined, which 

230 corresponds to a single layer of 2D perovskite layer (Fig. 3a and c). The atomic 

231 resolution topography images were obtained at low temperature (78 K), with annealing 

232 samples at different temperature after perovskite layer formation. In Fig. 3d, image 

233 reveals a well-defined square lattice structure without annealing, where the bright 

234 features were attributed to surface-bound butylammonium (BA+) organic cations. Due 

235 to the intrinsic contrast limitations, the inner PbI– framework was not directly resolved, 
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236 yet structural relaxation phenomena could still be discerned. Upon annealing sample at 

237 60 °C, the AFM images revealed a transformation into zigzag domain structures (Fig. 

238 3e), attributed to the reorganization of BA+ chains at the surface. When annealing 

239 sample up to 90 °C，most of the structures show zigzag domain (Fig. 3f). Vertical 

240 structural variations were further investigated by analyzing height profiles along 

241 selected lines in Fig. 3f, with the results shown in Fig. 3g. These profiles demonstrate 

242 that ncAFM can achieve sub-ångström vertical resolution, down to a few picometers. 

243 Moreover, ncAFM provides direct access to local interaction forces. When tip scanning 

244 at a constant height, the tip-sample interaction is revealed by frequency shift (∆f) of tip 

245 oscillation.  Therefore, by measuring the ∆f as a function of tip-sample distance (z), 

246 force spectroscopy can be estimated. Fig. 3h and 3i are constant height AFM images at 

247 ∆f = –8 Hz and ∆f = –7.5 Hz, respectively. In Fig. 3j, force spectroscopies are measured 

248 at three points marked in Fig. 3h, and an inversion point is observed when tip-sample 

249 distance between ∆f = –8 Hz and ∆f = –7.5 Hz. Therefore, the spatially dependent 

250 contrast inversions are obtained in Fig. 3h and 3i, highlighting the sensitivity of AFM 

251 in vertical tip-sample interactions. Such force-based imaging provides additional 

252 insights into the material’s local electronic and mechanical property beyond 

253 conventional topography.

254 Furthermore, when temperature decreases to 4 K, tips can be functionalized with a CO 

255 molecule, which dramatically improving spatial resolution and chemical sensitivity of 

256 imaging. M. Telychko et al. has successfully obtained bond-resolution images of 

257 perovskite monolayer using a CO-terminated qPlus-AFM probe (Fig. 4).170 They 

258 revealed critical molecular-level details, including the orientation of organic cations 

259 and local surface phase arrangements, offering valuable insights into structure-property 

260 relationships in organic-inorganic hybrid perovskites.
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261

262 Fig. 3 Atomic-scale characterization of 2D Ruddlesden-Popper perovskites by using 

263 qPlus-AFM at low temperature (78 K). (a) Structure model and (b) Topographic image 

264 of monolayer 2D-RPPs. Scale bars, 4 μm. (c) Height profile along white line in (b), the 

265 height of step corresponding to monolayer model well. (d-f) Atomic topographic 

266 images of monolayer 2D-RPPs of annealing sample at RT, 60 °C, and 90 °C.  (g) Height 

267 profiles of zigzag and square lattices along lines in (f). (h, i) Different topographic 

268 contrasts at same area when imaging at different tip height. (j) Force spectroscopies at 

269 three points in (i). Scale bars, 1 nm (d-i). Reproduced from ref 169 with permission 

270 from Springer Nature 169, copyright 2018. 

271 The images in Fig. 4a and b were obtained by constant-height mode. The Δf contrast 

272 reflects the spatial variation in tip-sample interactions, which mainly arise from short-

273 range Pauli repulsion forces between the CO-functionalized tip and the sample surface. 

274 A representative high-resolution image of the RPPs surface (Fig. 4a) displays a periodic 

275 square lattice of “arrow-like” features.170 These features correspond to BA+ cations 

276 adsorbed on the surface, with each “arrow” attributed to a pair of apical methyl (–CH₃) 
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277 groups from two adjacent BA+ cations, collectively denoted as a BA+ pair. Further 

278 insight into tip-sample interactions is obtained by performing constant-height imaging 

279 at varying tip-sample distances, where the contrast evolves as the tip approaches a 

280 single BA+ pair (Fig. 4b). Corresponding force-distance (Δf–Δz) curves acquired at four 

281 representative positions –over (purple, pink) and between (green, blue) protruding –

282 CH3 of the BA+ chains (Fig. 4c), reveal that the interaction becomes significantly more 

283 repulsive at sites corresponding to C–H bonds, while remaining predominantly 

284 attractive over inorganic PbI⁻ regions within the oscillation amplitude range. As Δz 

285 decreases, high-resolution features associated with individual hydrogen atoms of the –

286 CH3 groups emerge, underscoring the extreme vertical sensitivity of the system.

287 It is worth noting that the underlying PbI⁻ octahedral lattice is not directly resolved in 

288 qPlus-AFM but can be identified via complementary STM imaging of the same region 

289 (Fig. 4d), which provides information on the inorganic sublattice. High resolution STM 

290 images can also give important information on perovskite characterizations. In addition, 

291 both qPlus-AFM and STM require scanning under UHV conditions to achieve atomic-

292 resolution imaging, and an atomically flat substrate is also a prerequisite.

293

294 Fig. 4 (a) qPlus-AFM image of organic and inorganic layers in few-layer RPPs. (b) A 

295 group of constant-height images collected at various tip-sample distances over an 

296 individual pair of BA+ cations. The scale bar is 0.3 nm. (c) ∆f versus ∆z curves acquired 

297 over the sites marked by color-coded arrows in the experimental 3D AFM image in the 

298 inset.  (d) STM image shows the inorganic lattice of the RPPs.  Reproduced from ref 

299 170 with permission from AAAS 170, copyright 2022.
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300 2.1.2 Scanning tunneling microscopy (STM)

301 To achieve atomic resolution, STM necessitates halide perovskites with atomically flat 

302 surfaces, as well as UHV and low-temperature environment. Two commonly adopted 

303 methods are in situ cleaving of bulk single crystals in vacuum,168,171,172 and epitaxial 

304 growth of thin films via CVD.63,72,166,170,173–175

305 A notable example is the work of Ohmann et al., who achieved atomically flat surfaces 

306 of MAPbBr3 single crystals by cleaving them in situ under UHV.168 The crystal was 

307 introduced into the vacuum chamber and cleaved parallel to one of its facets using a 

308 scalpel (Fig. 5a). Subsequently, it was immediately transferred into the low-temperature 

309 (T = 4.5 K) STM system without annealing sample. The images simultaneously reveal 

310 two distinct surface domains on the (010) surface, with the protrusions identified as the 

311 Br⁻ anions. One domain exhibits a zigzag pattern, with perpendicular aligned 

312 methylammonium (MA+) that give rise to a non-zero in-plane dipole (Fig. 5b). The 

313 other domain displays paired Br⁻ anions with antiparallel MA+ alignment, yielding a 

314 net-zero dipole (Fig. 5c).168 The spatial configuration of Br⁻ anions and MA+ cations at 

315 the surface deviates from that in the bulk as shown in Fig. 5d. In particular, the MA+ 

316 cations in the outermost layer exhibit a pronounced tilt relative to those in the bulk, 

317 indicating substantial surface reconstruction.

318 Beyond cleaved crystals, ultrathin epitaxial films of MAPbI₃ have been explored by L. 

319 M. She et al. The uniform MAPbI3 film is approximately 10 monolayers thick on Au 

320 (111) substrates by co-depositing MAI and PbI2 precursors in a 1:3 molar ratio under 

321 UHV (base pressure ~10-10 mbar) at cryogenic substrate temperatures (110–130 K),72 

322 as shown in Fig. 5f. The STM images show well-ordered, layer-by-layer film growth 

323 (Fig. 5g). Atomic-resolution images reveal structures such as zigzag and dimerized 

324 anion arrangements (Fig. 5h and i), with halide perovskites adopting orthorhombic 

325 symmetry at low temperature.
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326

327 Fig. 5 (a) The single crystal cleavage for preparing halide perovskite samples. (b) 

328 Zigzag-structure and (c) dimer-structure STM images of the MAPbBr3 single crystal. 

329 (d) Side view of the atomic structure model of MAPbBr3. (e) dI/dV curves of MAPbBr3 

330 single crystal. Inset: corresponding current-voltage (I–V) curves. Reproduced from ref 

331 168 with permission from the American Chemical Society 168, copyright 2015. (f) 

332 Chemical vapor deposition for preparing halide perovskite thin films. (g) Large-scale 

333 topographic image of flat MAPbI3 ultrathin film on Au (111). (h) Zigzag-structure and 

334 (i) dimer-structure STM images of MAPbI3 with atomic resolution. (j) STS at selected 

335 positions on MAPbI3 ultrathin film. Reproduced from ref 72 with permission from the 

336 American Chemical Society 72, copyright 2016.

337 In addition to topographic imaging, scanning tunneling spectroscopy (STS) is a 

338 powerful extension of STM that enables site-specific probing of the electronic structure. 

339 As shown in Fig. 5e and j, STS measurements on MAPbBr3 single crystals and MAPbI3 

340 ultrathin films reveal markedly different electronic characteristics. In the case of 

341 MAPbBr3 single crystals, the measured Local density of states (LDOS) is dominated 

342 by occupied states, which attribute the prominent spectral features near the Fermi level 

343 to Br-derived orbitals. The MA+ cations contribute only at deeper energy levels, and no 

344 significant contribution from Pb orbitals is observed at the surface. Subtle variations in 

345 LDOS are also evident between the zigzag and dimer domains (Fig. 5b and c).

346 Conversely, STS of ultrathin MAPbI3 films reveals a stronger LDOS near the Fermi 

347 level (Fig. 5j), with both the conduction band minimum (CBM) and valence band 

348 maximum (VBM) clearly resolved, enabling direct extraction of the local bandgap. The 

349 reduced LDOS in the single crystal may be attributed to its greater thickness or potential 
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350 interface effects arising from ambient exposure during mounting. Despite such 

351 variations, STS remains an essential tool for elucidating key electronic properties of 

352 halide perovskites, including energy-level alignment, mid-gap states, and charge 

353 localization.

354 Due to its capability of resolving surface structures with atomic precision, STM enables 

355 the identification of individual atomic defects.70,172 As shown in Fig. 6a-f, STM 

356 measurements on MAPbBr3 single-crystal surfaces allow the visualization of unpaired 

357 Br⁻ ions, multiple unpaired Br⁻ sites, as well as single, double, and triple vacancies.172

358

359 Fig. 6 STM images of defects on the surface of MAPbBr3 single crystals. (a) Pristine 

360 MAPbBr3 surface, bright dimer indicating Br⁻ potions. (b) and (c) are unpaired and two 

361 unpaired Br⁻, that were caused by lattice mismatch. (d), (e), and (f) are signal, double 

362 and triple vacancies of Br⁻ on MAPbBr3 surface. Reproduced from ref 172 with 

363 permission from the American Chemical Society 172, copyright 2019.

364 Moreover, high-resolution STM has been widely utilized to investigate photoinduced 

365 electronic responses of halide perovskites. As shown in Fig. 7, STM measurements 

366 performed under both dark and illuminated conditions reveal distinct modifications in 

367 the surface lattice, demonstrating that optical excitation can significantly alter surface 

368 electronic states.171 Specifically, the surface structure evolves from a predominant 

369 dimer configuration in the dark (Fig. 7a) to a 4 × 2 superstructure under laser 

370 illumination (Fig. 7b),171 with the corresponding orientations of MA+ dipoles 

371 schematically represented by arrows. Furthermore, photoexcited cross-sectional STM 

372 coupled with spectroscopic analysis allows concurrent visualization of dipole 
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373 alignment and electrostatic potential at the atomic scale. Electrostatic potential profiles 

374 derived from κ maps, where LDOS contributions are suppressed by averaging over 2 × 

375 1 and 1 × 1 unit cells (Fig. 7c and d), further confirm the light-induced structural 

376 transformation. Collectively, these findings provide compelling evidence for 

377 illumination-driven dipole reorganization in halide perovskites. This behavior 

378 originates from the separation of photoexcited electrons and holes in spatially displaced 

379 orbitals, resulting in a pronounced redistribution of the electrostatic potential. The 

380 ensuing dipole rearrangement gives rise to one-dimensional conduction pathways that 

381 facilitate charge transport. Remarkably, such photoinduced polarization transitions 

382 extend from the surface layers into the bulk lattice, offering a plausible explanation for 

383 both the exceptional photovoltaic efficiency and the coexistence of seemingly 

384 contradictory physical properties in halide perovskites.

385

386 Fig. 7 (a) A STM image of cleaved MAPbBr3 crystals without illumination. The dimer 

387 structure of PbBr⁻ octahedral lattice is observed. (b) A STM image of cleaved 

388 MAPbBr3 crystals under illumination. The 4 × 2 superstructure is observed. The black 

389 arrows in (a) and (b) mark MA+ dipole moments, which influence the possible transfer 

390 pathways of electrons and holes.  (c) and (d) are corresponding electrostatic potential 

391 energy images obtained under dark and illumination condition, respectively. 
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392 Reproduced from ref 171 with permission from the American Chemical Society 171, 

393 copyright 2019.

394 For halide perovskites, STM enables direct visualization of surface reconstructions, 

395 defect configurations, and electronic inhomogeneities, which are critical for 

396 understanding and optimizing their optoelectronic performance. The ability of STM to 

397 probe LDOS and resolve changes in surface electronic structure under light excitation 

398 offers a powerful pathway to investigate light-matter interactions at the atomic level. 

399 Overall, high-resolution STM and AFM techniques are indispensable tools for 

400 perovskite related research.176–178 Their ability to provide atomic-scale insight into 

401 structural and electronic phenomena will continue to play an increasingly important 

402 role in elucidating fundamental mechanisms and guiding the rational design of 

403 perovskite-based devices.

404 2.2 Nanoscale spatially resolved characterization of optoelectronic properties 

405 Constructing and characterizing halide perovskites under UHV conditions remains 

406 technically demanding and resource intensive, particularly when aiming to preserve 

407 pristine surfaces and interfaces. While UHV-based approaches provide unparalleled 

408 insight into the intrinsic electronic structure and charge dynamics at the atomic scale, 

409 they are not always practical for routine device evaluation. In this context, measurement 

410 systems operated under ambient conditions play a crucial complementary role. Despite 

411 the reduced level of environmental control compared to UHV techniques, such systems 

412 are highly effective for assessing key device parameters, thereby bridging the gap 

413 between fundamental surface studies and practical device optimization.

414 2.2.1 Conductive atomic force microscopy (c-AFM)

415 When an AFM is equipped with a conductive probe, it becomes a powerful tool for 

416 investigating the local electrical properties of halide perovskites. One of the most direct 

417 applications is the J–V spectroscopy, which allows for spatially resolved mapping of 

418 electrical conductivity across different surface regions. By detecting current flow 

419 between the conductive tip and the sample under illumination or bias pulse, researchers 

420 can gain valuable insights into charge transport mechanisms in halide perovskites. The 

421 versatility of c-AFM also enables simultaneous acquisition of topography, friction, and 
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422 electrical conductivity as a function of bias voltage. Extending this approach, 

423 photoconductive AFM (pc-AFM) incorporates illumination during measurements, 

424 using either front-side or back-side illumination of transparent substrates. Numerous 

425 studies have used pc-AFM to probe photoconductivity at grain interiors and boundaries 

426 under short-circuit conditions.99, 179–189 

427 A representative application is illustrated in Fig. 8, both topographic (Fig. 8a) and 

428 current maps (Fig. 8b and c) of a halide perovskite thin film were obtained by using c-

429 AFM under illumination.190 The photocurrent distribution reveals significant contrast 

430 between grains and GBs. The grains exhibit a positive photocurrent with an average 

431 value of approximately 16 pA without bias applied, whereas the GBs show nearly no 

432 detectable current (Fig. 8b). When a small positive bias of 0.3 V is applied, the 

433 photocurrent increases markedly to about 129 pA on average, with the signal becoming 

434 significantly stronger at the GBs than within the grains. The finding challenges the 

435 conventional view that GBs with high defect densities act predominantly as non-

436 radiative recombination centers, which would lead to the expectation of higher 

437 photocurrent along GBs. This unexpected behavior was confirmed without and with 

438 applied bias, suggesting that GBs can act as efficient charge transport pathways once 

439 charge transfer barriers are overcome. Such barriers are attributed to band bending 

440 effects at GBs, and applying a 0.3 V voltage can significantly enhance photocurrent at 

441 these sites. 

442 In addition, Shao et al. demonstrated that ion migration behavior differs markedly 

443 between grains and GBs of perovskite films.191 Their c-AFM spectroscopy at triangle 

444 and square marked site in Fig. 8d under dark conditions showed significantly stronger 

445 hysteresis at GBs than within grains (Fig. 8e and f), indicating enhanced ion mobility 

446 at GBs. This behavior aligns with the hypothesis that GBs dominate ion migration in 

447 polycrystalline perovskite thin films, especially under operational conditions. Under 

448 illumination, a progressive increase in short-circuit current was observed at GBs, 

449 consistent with light-induced ion migration enhancing local conductivity. In contrast, 

450 the photocurrent at grain interiors remained relatively stable. These results further 

451 support the concept of bias-enhanced ion migration, and highlight the strong interplay 

452 between local structure, electrical bias, and ionic dynamics in halide perovskite thin 

453 films.
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454

455 Fig. 8 (a) AFM topographic image of a MAPbI3 layer and (b, c) corresponding 

456 photocurrent mapping recorded under illumination without and with +0.3V, 

457 respectively. Reproduced from ref 190 with permission from the American Chemical 

458 Society 190, copyright 2015.  (d) Schematic of c-AFM setup and topographic image of 

459 a MAPbI3 film. The scale bar is 1 μm. (e, f) Local dark current measured at the GB and 

460 in the grain, respectively. Reproduced from ref 191 with permission from the Royal 

461 Society of Chemistry 191, copyright 2016.

462 2.2.2 Kelvin probe force microscopy (KPFM)

463 KPFM is one of the most widely employed for characterizing surface potential and local 

464 work function variations in materials.60,192,193 KPFM operates by detecting electrostatic 

465 forces between a conductive AFM tip and the sample surface. When two materials with 

466 different work functions are brought into close proximity, electron transfer occurs 

467 leading to the alignment of their Fermi levels and the formation of a contact potential 

468 difference (CPD) as illustrated in Fig. 9 a-c. To measure the CPD, KPFM applies an 

469 external voltage consisting of both AC and DC components between the tip and the 

470 sample (Fig. 9d).194–196 The DC bias is actively tuned in real time to nullify the 

471 electrostatic force resulting from the CPD, enabling a direct and quantitative mapping 

472 of the local surface potential. The resulting CPD image reflects spatial variations in 

473 work function across the sample surface, making KPFM particularly valuable for 

474 identifying features such as GBs, point defects, and compositional heterogeneities. 

475 When KPFM is applied to semiconductors, the interpretation of the measured surface 
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476 potential becomes increasingly intricate due to inherent surface phenomena. 

477 Specifically, surface states can induce substantial band bending near the interface, 

478 leading to the formation of a space-charge region. Under such conditions, the CPD 

479 captured by KPFM represents a convolution of the material's intrinsic work function 

480 and additional electrostatic contributions originating from surface states and band 

481 bending.194,195,197 Therefore, quantitative analysis of KPFM data on semiconductor 

482 surfaces necessitates a comprehensive evaluation of the surface electronic structure and 

483 the potential impact of surface-induced band bending.

484

485 Fig. 9 (a-c) Principle of CPD measurement based on KPFM. (d) Schematic of the 

486 KPFM setup. Reproduced from ref 195 with permission from Elsevier 195, copyright 

487 2024.

488 KPFM enables spatial mapping of work-function variations in halide perovskites,123 

489 and provides direct correlation between local surface potential and compositional 

490 heterogeneity, such as phase separation in mixed-halide systems.122 It has been 

491 extensively applied to halide perovskites to gain insights into lateral charge distribution 

492 and vertical energy-level alignment in multilayered device structures.108,120,121,158,198,199 

493 For lateral device configurations, KPFM enables mapping of carrier distribution, 

494 migration dynamics, and built-in fields in complex structures. This capability allows 

495 direct visualization of spatially resolved electrostatic potential profiles, which are 

496 critical for understanding charge separation and transport mechanisms in devices. In 

497 multilayer perovskite devices, KPFM can be employed to study vertical charge 

498 transport across different functional layers. These measurements offer crucial 

499 information on carrier transport mechanisms, interfacial charge dynamics, and energy 

500 barriers that directly impact device performance.
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501 Given that solution-processed halide perovskite thin films typically exhibit a high 

502 density of GBs at the micrometer and submicrometer scales, lots of KPFM studies 

503 focused on investigating the role of GBs in photocarrier transport. A study combined 

504 pc-AFM and KPFM techniques to systematically investigate GBs.198 Fig. 10a is the 

505 schematic illustration of pc-AFM for characterization of polycrystalline MAPbI3 thin 

506 film deposited on FTO, a light is illuminated to the back side of device. Fig. 10b and 

507 Fig. 10c are topographic and CPD images of MAPbI3 thin film stimulatingly obtained 

508 by KPFM. The clear surface potential difference between GBs and grains is revealed 

509 in CPD image. The built-in potential at GBs may facilitate selective carrier extraction 

510 and suppress electron-hole recombination. This is often interpreted as evidence of 

511 favorable electric fields that promote selective charge extraction. 

512
513 Fig. 10 (a) Schematic illustration of bottom-illuminated pc-AFM for characterizing 

514 polycrystalline MAPbI3 thin films. (b) Volumetric perspective of the photocurrent 

515 distribution throughout MAPbI3 thin film along 3D GB network. (c) Topographic and 

516 (d) CPD images of MAPbI3 thin film obtained by KPFM simultaneously. The size of 

517 images (c, d) is 3 µm × 6 µm. Reproduced from ref 198 with permission from Springer 

518 Nature 198, copyright 2020. (d, e) VCPD images of FAPbI₃ and (FA0.8Cs0.2)PbI3 films 

519 obtained by KPFM under dark and illuminated conditions. (f) The correlated work 

520 function recorded along the marked line in (d, e), arrows marked the work function shift 

521 between dark and illuminated conditions for each film. Reproduced from ref 123 with 

522 permission from Springer Nature 123, copyright 2026.

523 The relationship between SPV and work function variations in FAPbI3 and 

524 (FA0.8Cs0.2)PbI3 films was examined using KPFM with and without illumination (Fig. 

525 10d, e).123 Upon illumination, the (FA0.8Cs0.2)PbI3 film displayed a much more 
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526 significant work function shift than the modest change observed in the FAPbI3 (Fig. 

527 10f). This difference in electronic behavior is closely linked to the structural 

528 improvement of the perovskite lattice. As a result, the larger work function shift in 

529 (FA0.8Cs0.2)PbI3 indicates that the Fermi level moves deeper toward the valence band. 

530 This shift represents an optimized energy alignment with the HTL, facilitating more 

531 efficient charge extraction at the interface. Ultimately, these findings confirm that Cs+ 

532 substitution is an effective strategy to reduce defect-related recombination and improve 

533 the overall energy landscape of the device. 

534 One of the most intriguing phenomena in perovskite-based devices is the presence of 

535 photocurrent hysteresis, which is widely believed to stem from ion migration under 

536 external bias or illumination conditions.49 The hysteresis has been linked to dynamic 

537 changes in internal electric fields and local doping states, both of which can be 

538 effectively studied using KPFM. For example, Yuan et al. demonstrated that ion 

539 migration leads to local chemical doping in perovskite films, causing significant 

540 variations in surface potential before and after electrical poling, as captured by KPFM 

541 measurements (Fig. 11a-c).158 Under an applied electric field, mobile ions within the 

542 MAPbI₃ layer redistribute and modulate the local electronic environment: The 

543 accumulation of MA⁺ vacancies near the anode can lead to p-type doping by attracting 

544 holes to maintain charge neutrality in the film, whereas the accumulation of MA+ ions 

545 near the cathode induces n-type doping (Fig. 11c). These doping-induced changes shift 

546 the Fermi level locally and alter band bending at the contacts, thereby influencing the 

547 separation, transport, and extraction of photogenerated carriers. In this way, KPFM 

548 serves as a powerful tool to reveal the spatial and temporal evolution of internal electric 

549 fields in operating perovskite-based devices.

550 In a comprehensive study conducted by Yun et al., a positive or negative bias was 

551 applied to the perovskite surface, and subsequently, the surface potential was mapped 

552 by KPFM (Fig. 11d-i).108 They conducted studies on a 

553 (FAPbI3)0.85(MAPbI3)0.15/TiO2/FTO sample and in ambient air. When no bias was 

554 applied to the perovskite surface, the normal CPD images were shown in Fig. 11e and 

555 Fig. 11h. When the perovskite surface is poled with a positive bias, a higher CPD (lower 

556 work function) is observed at the GBs than that in grain interiors (Fig. 11f), indicative 

557 of the upward band bending or a potential barrier for electrons. In contrast, when the 
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558 surface is polled with negative (Fig. 11i) bias, a lower CPD (higher work function) is 

559 observed at GBs than that in grain interior, indicative of the downward band bending 

560 or a potential well for electrons. The results were attributed to migration of positively 

561 and negatively charged ions within the GBs that correspond to preferred pathways for 

562 ions to migrate in the perovskite film.

563

564 Fig. 11 (a) Schematic of the KPFM measurements of the lateral structure devices. (b) 

565 KPFM potential images and corresponding energy diagram of MAPbI3 films between 

566 the two Au electrodes before and (c) after electrical poling, respectively. The scale bar 

567 is 6 µm. Reproduced from ref 158 with permission from Wiley-VCH GmbH 158, 

568 copyright 2015. (d) Schematic of electron and hole polarization in KPFM measurement 

569 when a positive tip bias is applied to perovskite surface.  CPD images at apply (e) 0 V 

570 and (f) +2 V tip bias with a 4 µm2 region.  (g) Schematic of electron and hole 

571 polarization in KPFM measurement when a negative tip bias is applied to perovskite 

572 surface. CPD images at apply (h) 0 V and (i) -2 V tip bias with a 4 µm2 region. 

573 Reproduced from ref 108 with permission from Wiley-VCH GmbH 108, copyright 2016.

Page 23 of 61 EES Solar

E
E

S
S

ol
ar

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

6/
20

26
 8

:4
3:

29
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6EL00030D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6el00030d


574 The operational stability of mixed-halide perovskites is severely compromised by light-

575 activated phase segregation, a phenomenon that induces detrimental bandgap 

576 narrowing. Mechanistic investigations have closely linked this spatially heterogeneous 

577 degradation to the accumulation of positive space charges at GBs. For instance, Yun 

578 and colleagues observed that the GBs in (FAPbI3)0.85(MAPbBr3)0.15 films display a 

579 noticeably depressed surface potential compared to grain interiors.108 Tang et al. further 

580 elucidated this topography-dependent behavior, demonstrating that GBs serve as the 

581 primary nucleation sites for iodide-rich clusters.122 Characterized by a localized 

582 minimum in the bandgap, these segregated domains act as charge recombination centers, 

583 ultimately causing the characteristic red-shift in PL emission.

584 To probe the underlying electrostatic origins, spatially resolved KPFM was utilized to 

585 map the surface potential of CH3NH3PbBr0.9I2.1 films (Fig. 12a, b). The extracted spatial 

586 potential profiles confirmed a pronounced upward band bending at the structural 

587 interfaces (Fig. 12c), verifying an elevated density of localized positive charges. This 

588 unique electrostatic environment underpins a dynamic halide migration model (Fig. 

589 12d). Upon photoexcitation, the accumulated positive charges at the boundaries create 

590 a strong local electric field, selectively drawing mobile iodide ions toward the interfaces 

591 to achieve charge compensation.  These results suggest that the higher concentration of 

592 positive space charge near the GBs may provide the initial driving force for phase 

593 segregation.

594
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595 Fig. 12 (a) Topography, phase, and VCPD images of CH3NH3PbBr0.9I2.1. (b) 

596 Corresponding profile along lines marked in topography and VCPD images. (c) Energy 

597 alignment between GBs and grain. (d) Schematic illustration of the possible mechanism 

598 for phase segregation at the GBs. Reproduced from ref 122 with permission from the 

599 American Chemical Society 122, copyright 2018.

600 For multilayer perovskite-based devices, KPFM can be employed to study internal 

601 potential and coupled ionic-electronic transport across different functional 

602 layers.15,109,120,121,199,200 To enable such cross-sectional investigations, the device must 

603 be cleaved laterally to expose a clean, unpolished side surface, allowing access to the 

604 internal interfaces with minimal damage or distortion. As illustrated in Fig. 13a, the 

605 KPFM setup involves scanning a Pt/Ir-coated AFM tip along the exposed cross section 

606 of the device, which is MAPbI3/TiO2 on the Si substrate. This configuration enables 

607 simultaneous acquisition of topography and surface potential images, with nanometer-

608 scale spatial resolution.109 Fig. 13b shows the KPFM cross-section images, surface 

609 potential exhibits gradient changes across different material surfaces. Fig. 12c shows 

610 the CPD statistical distribution of Fig. 13b, a CPD variation of 155 mV was determined 

611 between metal oxides and the perovskite layer. These variations are mainly due to the 

612 nanostructure and inhomogeneous surface of the measured materials entail a high 

613 amount of defect states. Fig. 13d shows a schematic band diagram for the case of 

614 positive charge accumulation (hole traps) at the GB. It is possible to calculate the width 

615 of the barrier potential at the GBs using known barrier models provided GB is of 

616 negligible width compared to the grain size. This model was used to analyze GBs in p-

617 type polycrystalline silicon, II-VI semiconductors and chalcopyrite materials.201,202 

618 Importantly, the voltage drops across the entire stack is governed by the equivalent 

619 series resistance of each layer and interface. Variations in potential drop among 

620 different interfaces reflect the relative strengths of their charge transport barriers. This 

621 method enables identification of rate-limiting interfaces and the detection of interfacial 

622 asymmetries. However, it is worth noting that absolute potential comparisons across 

623 devices can be complicated by artifacts such as minor edge shunting introduced during 

624 cleaving, which may prevent the full applied voltage from being distributed across the 

625 entire stack.
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626

627 Fig. 13 (a) Schematic illustration of the cross-section KPFM measurement setup. (b) 

628 KPFM image showing cross sections of MAPbI3/c-TiO2 deposited on a Si substrate. (c) 

629 CPD statistical distribution for the CPD image of the nc-TiO2/MAPbI3 interface. (d) 

630 The electronic band structure at the GBs where the potential is slightly higher (more p-

631 type) compared to the grain interior. Reproduced from ref 109 with permission from 

632 Springer Nature 109, copyright 2015. (e) AFM topographic image, (f) CPD maps 

633 recorded in short-circuit conditions before illumination, under illumination, and after 

634 turning the illumination off of a perovskite solar cell. (g) Line profiles extracted from 

635 the CPD maps. Reproduced from ref 120 with permission from Springer Nature 120, 

636 copyright 2014.

637 Otherwise, there are reports independently applied cross-sectional KPFM to perovskite-

638 based devices incorporating either CH3NH3PbI3₋xClx
200 and CH3NH3PbI3

120,121 as the 

639 absorber layer, TiO2 and Spiro-OMeTAD were employed as the electron and hole 

640 transport layers, respectively. Notably, in-dark KPFM measurements on 

641 CH3NH3PbI3₋xClx films deposited on compact TiO2 substrates revealed the presence of 

642 a non-uniform internal electric field across the perovskite layer.200 The authors 

643 attributed this gradient to a carrier depletion region extending over approximately half 

644 the film thickness, consistent with a p–n heterojunction model. In contrast, Bergmann 

645 et al. reported uniform electric field distributions throughout the CH3NH3PbI3 absorber 

646 layer when deposited on mesoporous TiO2, suggesting a p–i–n junction behavior 

647 instead.121 This discrepancy highlights the critical influence of substrate morphology 

648 and interface quality on the internal electrostatics of perovskite-based devices.
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649 Furthermore, Bergmann et al extended their investigation to illuminated short-circuit 

650 conditions.120 Cross-sectional CPD maps revealed positive surface potential shifts 

651 within the perovskite layer under illumination (Fig. 13e-g), which were interpreted as 

652 the result of unbalanced electron–hole extraction. The increase in potential after turning 

653 on the illumination reveals an accumulation of holes inside the perovskite layer. The 

654 comparison between the initial dark profile and the one recorded after switching off the 

655 illumination reveals the existence of trapped holes and electrons inside the mesoporous 

656 TiO2 and the perovskite film, respectively.  Additionally, trapped charge carriers were 

657 evidenced by residual surface potential changes recorded immediately after turning off 

658 light.

659 These findings collectively underscore the utility of cross-sectional KPFM in resolving 

660 spatial variations in band bending, electric field distribution, and carrier dynamics 

661 across multilayered perovskite-based device stacks. Importantly, the method enables 

662 visualization of device asymmetries, transport bottlenecks, and interfacial charge 

663 accumulation that are otherwise invisible to traditional electrical measurements. 

664 However, as with any technique involving cleaved cross-sections, care must be taken 

665 to minimize edge artifacts and sample damage, which can influence potential profiles 

666 and complicate quantitative interpretation. Nevertheless, cross-sectional KPFM 

667 remains an indispensable tool for understanding the internal physics of perovskite-

668 based devices and for guiding interface engineering and device optimization.

669 Despite these experimental insights, achieving atomic-scale resolution with KPFM 

670 remains highly challenging. Although short-range electrostatic forces could, in 

671 principle, yield atomic-level contrast in CPD, the measurements are frequently affected 

672 by a range of non-electrostatic artifacts, including tip asymmetry, chemical interactions 

673 between tip and sample, and cantilever dynamics. In semiconductors like perovskites, 

674 additional complications arise from the electric-field-induced redistribution of surface 

675 carriers, which can obscure the intrinsic work function contrast. Nonetheless, the local 

676 perturbation caused by the AFM tip can become a tool. Tip-induced charge transfer has 

677 emerged as a powerful approach for probing carrier dynamics, trap states, and 

678 nanoscale electronic inhomogeneity. These capabilities open up exciting possibilities 

679 for bottom-up material design, particularly in the context of atomic-scale fabrication 

680 and functional interface engineering. With continued advances in tip design, signal 
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681 modeling, and noise suppression, KPFM and related electrostatic scanning probe 

682 techniques may soon enable quantitative and high-resolution analysis of complex 

683 perovskite-based heterostructures at the ultimate nanoscale limit.

684 It is noteworthy that when measurements are performed on perovskite-based devices 

685 under ambient conditions, such as in pc-AFM or KPFM experiments. The requirement 

686 for flat surfaces is much less strict than that for UHV-based atomic-resolution 

687 characterizations. Instead, the overall device structure becomes a key factor, as the 

688 measured signals typically originate from functional device structures rather than 

689 idealized, perfect surfaces. Consequently, samples are frequently prepared as complete 

690 device configurations to ensure that the observed electrical or optoelectronic responses 

691 accurately reflect the actual working processes of the device.

692 A further important consideration relates to the potential influence of surface 

693 degradation during the measurement. Halide perovskites are naturally sensitive to 

694 environmental factors, including moisture, oxygen, and long-term light illumination, 

695 all of which can significantly change the surface chemical composition and electronic 

696 structure. As a result, the measured topography, local conductivity, or surface potential 

697 may change during the experiment, potentially introducing measurement errors or 

698 artifacts. To avoid these issues, SPM measurements are often conducted under 

699 controlled environments, such as inert gas atmospheres or glovebox conditions, with 

700 careful regulation of light intensity and measurement duration. This rigorous approach 

701 helps minimize environmental degradation and improves the reliability and 

702 reproducibility of the experimental data.

703 3. Extensions of scanning probe microscopy for halide perovskites 

704 The aforementioned SPM-based approaches with illumination provide a preliminary 

705 means to investigate the light response of perovskite-based devices under conditions 

706 resembling natural light exposure. However, these methods typically lack advanced 

707 optical measurement capabilities and therefore yield limited information regarding the 

708 detailed optoelectronic behavior of the material. The SPM tip can serve as a precise tool 

709 for guiding and localizing laser excitation, enabling spatially resolved optical 

710 characterization of material surfaces. This section has introduced a range of advanced 

711 characterization techniques based on extensions of SPM, highlighting the use of state-
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712 of-the-art optoelectronic detection strategies. Such hybrid approaches significantly 

713 enhance the capability to probe the nanoscale optical and electronic properties of halide 

714 perovskites with high spatial resolution.

715 3.1 Scanning near-field optical microscopy (SNOM) and photoluminescence-AFM 

716 (PL-AFM)

717 SNOM enables optical imaging beyond the diffraction limit by exploiting fields 

718 confined within tens of nanometers from the sample surface. Depending on the 

719 configuration, SNOM uses either a subwavelength aperture or a sharp metallic tip to 

720 scatter near-field signal, achieving spatial resolutions of ~20–100 nm.151,152 Building 

721 on the SNOM setup, PL-AFM is a hybrid technique that integrates AFM with 

722 nanoscale-resolved PL imaging. Compared to conventional confocal PL microscopy 

723 (spatial resolution ~200–300 nm), PL-AFM offers significantly improved resolution, 

724 making it well-suited for studying nanoscale optoelectronic inhomogeneities150. This 

725 precision is crucial for optimizing device efficiency through improved understanding 

726 of charge carrier dynamics. By locally exciting the sample with a focused laser and 

727 detecting the emitted PL through a transparent tip or external optics, PL-AFM allows 

728 simultaneous mapping of topography and optical emission with sub-50 nm resolution. 

729 These techniques have been extensively applied to halide perovskite materials to 

730 investigate nanoscale optical heterogeneities.150,158,159 For example, PL mapping of 

731 MAPbBr3 and MAPbI3 thin films has revealed “hot spots” of enhanced emission 

732 correlated with regions of higher crystallinity, underscoring the correlation between 

733 structural order and radiative efficiency.150 Such high-resolution PL maps provide 

734 valuable insights into local carrier dynamics and recombination behavior that are 

735 otherwise averaged out in bulk measurements.

736 In particular, PL-AFM is effective for identifying non-radiative recombination centers 

737 associated with GBs, voids, and strain. Researchers demonstrated that PL quenching 

738 occurs preferentially at GBs in perovskite films, indicating elevated defect densities 

739 and trap-assisted recombination.150 In Fig.14a, CH3NH3PbI3 perovskite films were 

740 excited using a continuous wave laser (λexc = 405 nm) in a PL-AFM setup. The PL 

741 emission was collected in transmission mode with confocal geometry. PL maps were 

742 corrected for small differences in absorption by measuring the transmitted excitation 

743 laser intensity. Localized spatial variations in PL intensity up to a factor of 2.6, which 
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744 do not show a correlation to features in topography (Fig.14b and c). Representative 

745 transient PL decays taken in spatial regions of high (red) and low (blue) PL intensity, 

746 measured in a confocal microscope configuration with ≈250 nm resolution for 

747 CH3NH3PbI3 samples on glass (Fig. 14d). The PL lifetime of perovskite in the high PL 

748 intensity region is significantly larger than that in the low PL intensity region. It means 

749 the slower non-radiative recombination kinetics in regions of high emission intensity, 

750 compared to regions of lower intensity. Time constants of PL decays determined by the 

751 drop of emission intensity to 1/e for CH3NH3PbI3. Besides, the PL emission peak of 

752 perovskite in the high PL intensity region is narrower than that in the low PL intensity 

753 region (Fig. 14e). Figure 14f shows the spatial distribution of the PL emission peak full 

754 width at half maximum (FWHM), extracted from locally recorded PL spectra of 

755 CH3NH3PbI3 samples. The red regions indicate areas with high PL intensity and smaller 

756 FWHM values, whereas the white regions correspond to voids in the film. The reduced 

757 FWHM in the high-intensity regions is likely associated with improved crystallinity, 

758 resulting in a narrower distribution of electronic energy levels.

759

760 Fig. 14 (a) Schematic illustration of the PL-AFM measurement setup. A PL laser was 

761 guided through the tip. (b) Topography and (c) map of the ratio between locally detected 

762 versus spatially averaged PL intensity for spin-coated CH3NH3PbI3 perovskite thin-

763 films on glass. The scale bar is 4 μm. (d) Representative transient PL decays taken in 

764 spatial regions of high (red) and low (blue) photoluminescence intensity, measured in 

765 a confocal microscope configuration with ≈ 250 nm resolution. Insets show the transient 

766 PL decays on logarithmic scale for longer time delays. (e) Representative PL emission 
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767 spectra averaged over regions of high and low photoluminescence intensity 

768 CH3NH3PbI3 samples. (f) The spatial distribution of the photoluminescence emission 

769 FWHM was determined from locally recorded PL spectra for CH3NH3PbI3 samples. 

770 The scale bar is 4 μm. Reproduced from ref 150 with permission from Wiley-VCH 

771 GmbH 150, copyright 2015.

772 These findings highlight the strength of PL-AFM in elucidating the structure-dependent 

773 optoelectronic properties. However, PL-AFM requiring precise optical alignment and 

774 stability against thermal drift and tip-sample interaction artifacts. The limited excitation 

775 and detection volume can also reduce signal intensity, necessitating careful 

776 optimization of experimental parameters.

777 3.2 Photothermal-induced resonance (PTIR) and atomic force microscopy-infrared 

778 spectroscopy (AFM-IR) 

779 PTIR and AFM-IR are two powerful hybrid techniques that combine the high spatial 

780 resolution of AFM with the molecular specificity of infrared absorption spectroscopy. 

781 Both methods operate on the principle of detecting localized photothermal expansion 

782 triggered by pulsed and tunable IR laser excitation. This approach enables nanoscale 

783 vibrational spectroscopy with lateral resolutions of approximately 10–20 nm, far 

784 surpassing the diffraction limit inherent to conventional IR spectroscopy.

785 In a typical AFM-IR configuration, IR absorption within the sample generates localized 

786 thermal expansion, which, in turn, excites oscillations of an AFM cantilever operating 

787 in contact mode. By monitoring the cantilever’s resonant amplitude or phase as a 

788 function of the IR wavelength, one can obtain site-specific absorption spectra 

789 comparable in spectral quality to those from Fourier-transform infrared spectroscopy 

790 (FTIR), yet with nanometric spatial resolution. Consequently, AFM-IR is particularly 

791 effective for characterizing flat, IR-transparent, or weakly absorbing materials, making 

792 it especially suitable for the chemical and structural analysis of thin-film systems.

793 In contrast, PTIR detects cantilever deflection instead of resonant oscillation, thus 

794 offering greater flexibility in experimental geometry.160,161 Moreover, PTIR can operate 

795 in reflection mode, which makes it ideally suited for investigating opaque, highly 

796 scattering, or structurally complex samples, such as buried interfaces and multilayer 
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797 architectures. Typically, the sample is placed on an IR-transparent prism and 

798 illuminated from below, and absorption spectra are collected point-by-point as the laser 

799 wavelength is tuned. Furthermore, recent developments have extended PTIR beyond 

800 the traditional IR spectral range by incorporating alternative excitation sources and 

801 optical geometries, thereby broadening its applicability to a wide range of material 

802 systems.203 

803 Both AFM-IR and PTIR have proven indispensable for probing chemical and structural 

804 heterogeneity in halide perovskites. These materials exhibit pronounced nanoscale 

805 variations in composition, phase, and ionic distribution, all of which critically influence 

806 their optoelectronic performance and long-term stability. For instance, AFM-IR has 

807 been employed to detect local variations in the iodine-to-lead (I/Pb) ratio under external 

808 stimuli, providing direct nanoscale evidence of halide ion migration.160 This migration 

809 behavior can be attributed to the relatively low activation energy of halide ion transport 

810 compared with that of metallic cations.

811

812 Fig. 15 (a) Schematic illustration of the PTIR experimental setup. If the sample absorbs 

813 the laser pulses (discs in purple cones) it rapidly expands deflecting the AFM cantilever 

814 whose position is monitored by the four-quadrant detector. Mapping of chlorine 

815 distribution in MAPbI3−xClx perovskite monitored by PTIR. (b) AFM height 

816 topographic images and of a MAPbI3−xClx film. (c) The corresponding PTIR absorption 

817 maps obtained by illuminating the sample at the bandgap edge (1.77 eV). (d) The PTIR 

818 absorption spectra obtained at the location of the red, dark, blue, and green dots in (b). 

819 Reproduced from ref 161 with permission from the American Chemical Society 161, 
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820 copyright 2015. (e) Schematic illustration of the AFM-IR system. (f) Infrared near-field 

821 mapping images (AFM images, near-field optical images, and phase images) for a 

822 perovskite microwire under pristine, positive poling, and negative poling conditions. 

823 The scale bar is 500 nm. Reproduced from ref 160 with permission from the American 

824 Chemical Society 160, copyright 2016.

825 A compelling demonstration of the potential of PTIR was reported in the study of 

826 MAPbI3₋xClx perovskite thin films, where PTIR was employed to map the spatial 

827 distribution of chlorine both before and after thermal annealing.161 As illustrated in Fig. 

828 15, the combination of AFM topography, PTIR chemical maps, and site-specific 

829 absorption spectra revealed pronounced nanoscale heterogeneity prior to annealing. 

830 Specifically, PTIR signals measured near the bandgap edge distinguished Cl-rich (blue) 

831 and Cl-deficient (red) domains, highlighting compositional variations that were further 

832 confirmed by localized infrared spectra. As the photon energy increases from the band-

833 edge region (702 nm, Fig. 15c), the absorption ratio maps of the initial sample display 

834 a gradual reduction in contrast, indicating a decrease in optical heterogeneity. This trend 

835 implies that the bandgap of the as-prepared MAPbI3−xxClx film is spatially non-uniform, 

836 which likely reflects localized fluctuations in both chemical composition and 

837 crystallographic lattice parameters. Taken together, these findings provided direct 

838 nanoscale evidence of thermally induced halide migration and clarified the debated role 

839 of chlorine in perovskite crystallization, film morphology, and optoelectronic quality.

840 Beyond compositional analysis, PTIR has also proven highly effective in probing 

841 dynamic processes such as lateral ion migration and interfacial polarization under light 

842 illumination or electrical bias.161 By detecting the localized photothermal response 

843 associated with ionic motion, PTIR enables direct observation of these transient 

844 behaviors under realistic operating conditions. Consequently, this technique has 

845 emerged as a powerful spectroscopic tool for elucidating degradation mechanisms 

846 including ion migration, trap formation, and chemical instability.

847 In a complementary investigation, Zhang et al. employed spatially resolved vibrational 

848 and optical spectroscopy to visualize ion migration in perovskite microwires.160 As 

849 shown in Fig. 15e, a schematic of the AFM-IR configuration integrated within a 

850 scattering-SNOM system was used, where a constant bias was applied between source 

851 and drain electrodes (Fig. 15f) to simulate the poling field in perovskite solar cells. The 
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852 AFM, near-field optical, and phase images revealed distinct electric-field-dependent 

853 variations: the pristine microwire exhibited uniform topography and near-field 

854 amplitude. Under an applied bias (0.5 V μm⁻1 for 20 min), the near-field amplitude 

855 decreased from the positive to the negative electrode, indicating enhanced carrier 

856 accumulation near the positive contact. Corresponding phase images showed a locally 

857 increased refractive index near the negative electrode due to reduced absorption 

858 accompanying structural expansion. When a negative poling voltage is applied to the 

859 microwire, the opposite phenomenon can be observed. Furthermore, reversible lattice 

860 swelling and contraction correlated with light-induced halide redistribution were 

861 observed, demonstrating the intimate coupling between ionic movement and structural 

862 dynamics. 

863 When integrated with complementary AFM-based electrical and optical techniques, 

864 AFM-IR and PTIR together constitute a comprehensive platform for probing local 

865 chemistry, phase behavior, and ion transport in perovskite-based optoelectronic 

866 systems. Ultimately, these methodologies offer critical insights into the structure–

867 property–function relationships that underpin the performance and long-term stability 

868 of halide perovskites.

869 3.3 KPFM-based scattering-SNOM (s-SNOM) and surface photovoltage microscopy 

870 (SPVM) 

871 When carefully optimized and integrated with complementary techniques such as AFM 

872 or KPFM, s-SNOM becomes a powerful tool for exploring nanoscale light-matter 

873 interactions. This approach enables spatially resolved analysis of absorption, emission, 

874 and plasmonic behavior in complex optoelectronic systems, including halide 

875 perovskites.

876 To investigate the interplay between local optical and electrical properties at GBs, 

877 correlative KPFM and broadband s-SNOM measurements were conducted 

878 simultaneously in a single-pass scan in Fig. 16.143 Topography (Fig. 16a) of 

879 CH3NH3PbI3 polycrystalline films shows grain sizes of 200–500 nm. CPD maps 

880 revealed enhanced surface potential at GBs (Fig. 16b), indicative of downward band 

881 bending and electron accumulation. The corresponding s-SNOM amplitude image (Fig. 

882 16c) showed increased infrared response at GBs, with line profiles (Fig. 16d) 
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883 confirming superior spatial resolution of s-SNOM (~27 nm) compared to KPFM 

884 (~57 nm). Despite differences in resolution, these correlative measurements provide 

885 critical insights into GB-driven electronic behavior. The built-in potential at GBs 

886 promotes electron accumulation and hole exclusion, enhancing charge separation and 

887 reducing recombination, as shown in the band bending diagram in Fig.16e. Furthermore, 

888 it induces local polarity inversion, with estimated electron densities rising from 

889 ~6 × 1019 cm⁻3 in the dark to ~8 × 1019 cm⁻3 under illumination (Fig.16f). That 

890 corresponding to the local polarity inversion from p-type in the grain interior to n-type 

891 at GBs. These findings parallel similar phenomena observed in Cu(In,Ga)Se2 solar cells 

892 and offer direct nanoscale evidence of space-charge-induced carrier redistribution in 

893 halide perovskites.143

894

895 Fig. 16 (a) AFM topography, (b) KPFM and (c) infrared near-field images of 

896 CH3NH3PbI3 polycrystalline films. The scale bar is 200 nm. (d) Line profiles of the 

897 topography, infrared near-field amplitude and CPD along the white dashed lines 

898 marked in (a–c). (e) Schematic illustration of the band alignment between grains and 

899 GBs. (f) Schematic illustration of electron density around the GB with and without 

900 additional light illumination. Reproduced from ref 143 with permission from Springer 

901 Nature 143, copyright 2021.

902 The combination of KPFM and s-SNOM enables a comprehensive evaluation of the 

903 surface potential distribution of halide perovskites, as well as its variation under 

904 illumination, from both optical and electrical perspectives. Furthermore, another AFM-

905 based technique for investigating the photoelectric effect on material surfaces is 
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906 SPVM.137,146 SPVM is a technique derived from KPFM, enables nanoscale 

907 visualization of photoinduced electrical responses at semiconductor surfaces. Unlike 

908 traditional SPV measurements that lack spatial resolution, SPVM allows the correlation 

909 of local structural features with photophysical performance, providing a microscopic 

910 basis for understanding and improving macroscopic device behavior. In the field of 

911 halide perovskite solar cells, where spatial inhomogeneities critically influence charge 

912 dynamics and overall device performance, SPVM offers a powerful, non-destructive 

913 tool for probing local photovoltage variations with high spatial resolution. SPVM has 

914 proven particularly valuable in identifying defect-prone regions, interfacial 

915 discontinuities, and GBs effects, which often act as carrier recombination centers or 

916 charge accumulation sites. In SPVM, the tip-sample junction is illuminated with a 

917 modulated light source during the KPFM measurement. This optical perturbation 

918 induces a local change in CPD due to photoexcited carrier generation and separation. 

919 The resulting CPD shift corresponds to the SPV, which reflects changes in band 

920 bending and local electric field distribution at the illuminated site. Therefore, SPVM 

921 effectively maps how photo-carriers accumulate, separate, and diffuse, offering direct 

922 insight into the nanoscale optoelectronic heterogeneity of the perovskite film. SPVM 

923 emerges as a critical technique in the development of high-efficiency perovskite 

924 optoelectronic devices, offering unique insights into the local dynamics of photo 

925 response, charge separation, and defect-induced recombination. As perovskite-based 

926 devices move toward commercial viability, the role of SPVM in bridging nanoscale 

927 characterization and device-level optimization will only grow in significance.

928 However, the time resolution of SPVM remains limited due to intrinsic feedback and 

929 detection delays in AFM systems. Standard KPFM-based SPVM requires a bias 

930 feedback loop to nullify the electrostatic force between the AFM tip and sample, 

931 resulting in a time resolution of ~1 ms (as demonstrated in measurements on Cu₂O 

932 photocatalyst particles).137,146 Even with advanced feedback-free approaches, 

933 nanosecond resolution remains out of reach due to the inherently slow mechanical and 

934 electronic response of AFM systems.

935 4. Time-resolved surface and interface measurements for halide perovskites

936 While SPVM provides valuable static maps of photoinduced potential distributions, it 

937 yields only a time-averaged view of the charge dynamics under illumination. However, 
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938 carrier generation, transport, trapping, and recombination in halide perovskites occur 

939 across a wide range of timescales, from femtoseconds to seconds. Understanding these 

940 dynamic processes is crucial for elucidating charge separation and extraction 

941 mechanisms, which directly influence the performance of optoelectronic and catalytic 

942 devices. To bridge this gap, time-resolved KPFM (tr-KPFM) techniques have been 

943 developed to probe the temporal evolution of SPV signals at the nanoscale. These 

944 methods typically involve synchronizing modulated or pulsed laser illumination with 

945 lock-in detection, fast feedback loops, or even feedback-free readout schemes, allowing 

946 researchers to track transient carrier behavior with increasing temporal resolution. For 

947 instance, modulating the laser source and using a lock-in amplifier enables phase-

948 sensitive detection of SPV transients, separating fast and slow components of the 

949 response.

950 4.1 Fast-Kelvin probe force microscopy (fast-KPFM)

951

952 Fig. 17 Dynamics of halide perovskite solar cells at the nanoscale. (a) Topography and 

953 (b) KPFM measurements on same area of MAPbI3 layer at dark conditions. A sequence 

954 of fast-KPFM measurements were acquired on the region highlighted by the white 

955 dashed square in (a and b): (c) dark-KPFM, (d) illuminated-KPFM with 500 nm laser 

956 light at 54 μW. (e–h) KPFM images after illumination was switched on, the time 
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957 mentioned in images. (i) Histograms of CPD images taken over time, including 

958 measurements initially in the dark, under illumination, and after light switch off. 

959 Reproduced from ref 118 with permission from the American Chemical Society 118, 

960 copyright 2017.

961 A fast-KPFM with heterodyne detection scheme has emerged as a powerful variant of 

962 conventional KPFM, enabling real-time mapping of surface potential dynamics with 

963 improved temporal resolution. This advancement is particularly critical in the study of 

964 halide perovskite solar cells, where slow ionic movements can strongly influence the 

965 optoelectronic landscape and complicate the interpretation of conventional, static 

966 KPFM measurements. Garrett et al. employed fast-KPFM to study CH3NH3PbI3 thin 

967 films on ITO/PEDOT:PSS substrates.118 By capturing several surface potential maps 

968 per minute, fast-KPFM can observe temporal evolution of the surface potential under 

969 dark and illuminated conditions (Fig. 17). Notably, the imaging sequence highlighted 

970 that the changes in surface potential persist even after illumination is ceased, reflecting 

971 a non-negligible ionic contribution to the local electric landscape. While these dynamic 

972 surface potential shifts could superficially resemble SPV transients or local open-circuit 

973 voltage changes, they are dominated by ion migration or the redistribution of mobile 

974 ionic species such as I⁻, MA+, or Pb2+, rather than by photo-carrier processes. Their 

975 results revealed a delayed and gradual relaxation of surface potential following 

976 illumination, with the system requiring several minutes to return to equilibrium. 

977 However, disentangling the complex interplay between ionic motion, trapped charges, 

978 and photo-generated carriers remains a key challenge for future KPFM studies. For 

979 instance, while ion migration offers a plausible explanation for the long relaxation times, 

980 slow de-trapping of photo-excited carriers might also contribute to the observed 

981 potential transients. Moreover, the co-existence of permanent interfacial dipoles or 

982 defect-induced fixed charges can further complicate data interpretation. Overall, the 

983 application of fast-KPFM marks a significant step toward nanoscale time-resolved 

984 characterization of perovskite-based devices, providing unique insights into the 

985 electrochemical dynamics that influence device stability, hysteresis behavior, and long-

986 term performance. Continued development of high-speed and high-sensitivity KPFM 

987 techniques will be essential for uncovering the fundamental physics governing ionic–

988 electronic coupling in emerging halide perovskites.
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989 4.2 Pump-probe Kelvin probe force microscopy (pp-KPFM)

990 To address the inherent temporal limitations tr-KPFM, pp-KPFM has been 

991 developed.135,136,138–140,144,204 This technique decouples temporal resolution from 

992 cantilever dynamics, overcoming the bandwidth constraints of KPFM’s feedback loop 

993 and cantilever response time, thereby enabling access to nanosecond-scale 

994 electrodynamic phenomena. In particular, pp-KPFM applies a time-dependent 

995 perturbation to probe transient charge dynamics in materials via an optical or electrical 

996 pulse. While it provides valuable insights into the coupling between local morphology 

997 and electronic behavior, its temporal resolution remains constrained by the mechanical 

998 bandwidth of the AFM system. Moreover, interpretation of transient CPD signals is 

999 often complicated by the coexistence of electrostatic and photoinduced contributions. 

1000 Despite these challenges, pp-KPFM has become an essential tool for time-resolved 

1001 nanoscale analysis of charge generation, trapping, and transport in emerging 

1002 optoelectronic materials.

1003 In bias-modulated pp-KPFM, a periodic bias pulse is applied to the sample or tip to 

1004 mimic excitation conditions, and the time-dependent changes in CPD are measured 

1005 with nanometer spatial resolution. This enables the investigation of key processes such 

1006 as carrier injection, trapping/detrapping, and relaxation in semiconductors and 

1007 dielectrics. In a typical pp-KPFM setup, a square-wave “pump” signal (green trace) is 

1008 used to induce transient electrical excitation in the sample (Fig. 18a).136 A “probe” pulse, 

1009 consisting of a sinusoidal waveform with intermittent grounding intervals (yellow 

1010 dashed trace), is applied to the tip with a controllable delay relative to the pump. By 

1011 scanning the pump-probe delay, one reconstructs the time-resolved evolution of surface 

1012 potential at each pixel. Detection is based on frequency mixing, where the 

1013 electrostatically induced resonance shift (ω0) of the cantilever is read at a sideband 

1014 frequency (ω0 + ωmod) using a lock-in amplifier. A feedback voltage is then applied to 

1015 null the signal, allowing precise tracking of transient CPD. The system’s temporal 

1016 resolution is governed by the duration of the probe pulse, which can be as short as 4 ns 

1017 with current pulse generators. Unlike fast-KPFM, which provides continuous time 

1018 evolution over the excitation period, pp-KPFM produces discrete CPD maps at specific 

1019 delay times, enabling targeted investigation of dynamic processes at selected time slices. 

1020 To address topography-induced crosstalk, a dual-loop feedback configuration has been 
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1021 implemented: a standard KPFM loop compensates for the time-averaged CPD, while a 

1022 secondary pp-KPFM loop detects transient CPD changes, thereby improving the 

1023 accuracy of dynamic measurements. 

1024

1025 Fig. 18 (a) Schematic illustration of the measurement principle of a bias-modulated pp-

1026 KPFM. The pulse generator and lock-in amplifier are used on the basis of a 

1027 conventional KPFM setup. The pump and probe pulses are shown with green and 

1028 yellow line, respectively. (b) Schematic illustration of an organic field effect transistor 

1029 (OFET) with interdigitated gold electrodes in a pp-KPFM configuration. The red 

1030 dashed line illustrates the measured area for which the topography is shown in (c). (d) 

1031 pp-KPFM images at specific time delays of the probe pulse with respect to pump pulse, 

1032 which has a repetition frequency of 50 kHz (corresponding to a cycle time of 20 μs). 

1033 The probe-to-pump pulse relation is illustrated in the top left corner of each image. 

1034 Isopotential lines are indicated by the colored solid lines that shows the evolution of the 

1035 CPD in the transistor channel. Reproduced from ref 136 with permission from AIP 

1036 Publishing 136, copyright 2015.
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1037 An illustrative example (Fig. 18b-d) demonstrates CPD mapping of a pentacene thin 

1038 film under electrical excitation. Upon applying −2 V to the source electrode (delay = 

1039 0 μs), the surface potential decreases according to the charge-carrier distribution within 

1040 the channel, with a pronounced drop near the drain electrode, indicating insufficient 

1041 carrier density and space-charge-limited transport. At 8 μs after switching, the 

1042 isopotential lines become more evenly distributed, suggesting additional charge carriers 

1043 injected from the source electrode. At 10 μs, shortly after the drain electrode is 

1044 grounded, the gold electrode has returned to zero potential, while the channel still 

1045 contains excess charge carriers, resulting in a non-equilibrium potential distribution. It 

1046 takes approximately another 8 μs for the channel to fully deplete these excess carriers 

1047 before the cycle restarts.136 Such measurements exemplify the potential of pp-KPFM to 

1048 resolve fast electronic processes at the nanoscale with both high spatial and temporal 

1049 precision.

1050 An alternative implementation of pp-KPFM leverages pulsed laser excitation rather 

1051 than electrical pumping, enabling ultrafast time-resolved surface potential mapping by 

1052 probing photoinduced charge dynamics.135 In this approach, both pump and probe 

1053 pulses are delivered optically, typically using lasers of different wavelengths. This 

1054 configuration allows non-contact and all-optical access to excited-state carrier behavior 

1055 with high temporal precision. Such an optical pp-KPFM employs pulsed or modulated 

1056 illumination as the pump source to excite photo-carriers in optoelectronic materials, 

1057 particularly useful for probing the local photo response of halide perovskites, organic 

1058 photovoltaics, and 2D semiconductors. By synchronizing the optical pulse with the 

1059 KPFM feedback, one can map spatially resolved surface photovoltage dynamics and 

1060 track how photoinduced carriers redistribute and decay over time. In an optical pp-

1061 KPFM setup (Fig. 19a), a pump laser pulse (e.g., 780 nm) excites the sample, altering 

1062 its surface potential due to photoexcited carrier generation and redistribution. A 

1063 subsequent probe pulse (e.g., 610 nm) interacts with the sample at a controlled delay 

1064 time, allowing the system’s transient evolution to be probed at different time intervals 

1065 after excitation. The cantilever detects changes in electrostatic force during the probe 

1066 pulse, which is further enhanced by using a mechanical chopper to modulate the probe 

1067 beam and improve signal-to-noise ratio via lock-in detection. This method is sensitive 

1068 to the difference in electrostatic force experienced by the cantilever at different delay 

1069 times. The time-dependent signal reflects the decay kinetics of the photoinduced 
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1070 surface potential. Notably, two detection strategies can be employed: sideband 

1071 detection, using lock-in amplification tuned to the frequency modulation of the probe 

1072 pulse; and boxcar averaging, which integrates the frequency shift over a defined time 

1073 window for each delay.

1074

1075 Fig. 19 (a) Schematic illustration of an optical pp-KPFM. A pump pulse train (blue) 

1076 and a probe pulse train (green) are delayed with respect to each other. The probe pulse 

1077 train is additionally modulated by a chopper. The final pulse train pattern comprises the 

1078 delayed pulse trains with and without the probe beam. The sample and cantilever react 

1079 to this pulse train resulting in a modulation of the frequency shift. (b) Photocarrier decay 

1080 measured in LT-GaAs at constant height (1 nm tip lift) and 950 mV bias. A 780 nm 

1081 pump laser and a 610 nm probe laser are utilized. Decay time traces obtained by direct 

1082 sideband detection (blue) and boxcar averaging (red) are compared in the time domain. 

1083 Reproduced from ref 135 with permission from AIP Publishing 135, copyright 2017.

1084 Fig.19b illustrates time-resolved optical pp-KPFM spectra collected on low-

1085 temperature-grown GaAs (LT-GaAs), a material known for its ultrashort carrier 

1086 lifetimes. Measurements performed at a tip-sample distance of 1 nm and under a 950 

1087 mV bias show an exponential decay in the signal, with fitted time constants of 1.1 ± 0.4 

1088 ps (sideband detection) and 0.9 ± 0.6 ps (boxcar averaging). These values closely match 

1089 known carrier lifetimes of LT-GaAs, validating the technique’s sensitivity and accuracy. 

1090 This optical pp-KPFM setup currently demonstrates the fastest experimentally achieved 

1091 temporal resolution in KPFM-based surface potential imaging—on the order of ~1 

1092 picosecond.135 The temporal resolution limit is primarily governed by the thermal noise 
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1093 of the cantilever, which dictates the smallest distinguishable electrostatic force 

1094 variation between two successive delay times.

1095 In summary, pp-KPFM enables high-resolution snapshots of fast surface potential 

1096 dynamics, making it an ideal tool for investigating ultrafast charge injection, trapping, 

1097 and transport processes at the nanoscale. While it lacks the continuous temporal insight 

1098 of tr-KPFM, its temporal precision and selective probing capabilities offer powerful 

1099 complementarity in the broader suite of time-resolved surface potential measurement 

1100 techniques. In addition, the optical pp-KPFM represents a powerful advancement in 

1101 time-resolved scanning probe techniques, allowing researchers to directly observe 

1102 picosecond-scale charge relaxation processes in semiconductors and photoactive 

1103 materials. The method is especially suited for materials with ultrafast dynamics and 

1104 opens new possibilities for nanoscale photophysics research.

1105 5. Artifacts in scanning probe microscopy for halide perovskites 

1106 The microscopic structure of the probe apex in real experiments often deviates 

1107 significantly from the idealized geometries assumed in theoretical models. During 

1108 scanning, tip–sample interactions can modify the apex structure, alter the effective tip 

1109 work function and introduce uncertainties in measured surface potentials. At the atomic 

1110 scale, the chemical nature of the apex atom strongly affects tunneling currents and 

1111 short-range force interactions, which in turn topographic contrast and spatial resolution 

1112 in STM and AFM.205,206 Multiple nanoscale protrusions can result in multi-tip effects, 

1113 producing distorted images. To minimize these artifacts, tip conditioning, apex 

1114 functionalization, and calibration against reference samples (e.g., Highly Oriented 

1115 Pyrolytic Graphite, HOPG) are commonly employed, particularly under ultrahigh 

1116 vacuum conditions. Under ambient conditions, precise tip manipulation is more 

1117 challenging, necessitating careful control of tip stability throughout measurements.

1118 In KPFM and its time-resolved variants, the tip condition is critical because measured 

1119 CPD directly depend on the effective tip work function. Long-range electrostatic 

1120 interactions, including stray capacitance from the cantilever body and tip cone, can 

1121 distort the measured signal.207,208 Techniques such as lift-mode amplitude-modulation 

1122 KPFM, frequency-modulation KPFM with no-feedback acquisition, and constant-

1123 height scanning under UHV conditions can reduce these artifacts, minimize feedback-
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1124 induced errors, and improve measurement fidelity. 209

1125 When KPFM is applied to semiconductors, additional artifacts arise from tip-induced 

1126 band bending and surface trap states.197 Close tip–sample proximity can create a local 

1127 electric field that modifies the surface band structure, while traps at surfaces and GBs 

1128 capture carriers, shifting the local Fermi level and producing CPD variations. Under 

1129 illumination, photo-induced charging is another major source of artifacts: 

1130 photogenerated carriers may become trapped at defects, GBs, or interfaces, creating 

1131 local electrostatic potentials that evolve over time. These effects are particularly 

1132 significant in time-resolved measurements, where both electronic carrier dynamics and 

1133 ionic relaxation can contribute to the observed signals.

1134 Halide perovskites introduce additional challenges due to their mixed ionic–electronic 

1135 transport properties.44 Mobile species, such as halide ions and organic cations, can 

1136 migrate under probe-induced electric fields or illumination, leading to time-dependent 

1137 variations in surface potential and local conductivity. Ionic accumulation at GBs or 

1138 interfaces can produce long-lived electrostatic signals that may be misinterpreted as 

1139 purely electronic features. 

1140 Therefore, careful experimental design is required when applying SPM to halide 

1141 perovskites. Strategies such as minimizing tip bias, controlling illumination conditions, 

1142 performing time-resolved measurements, and combining KPFM with complementary 

1143 techniques can help disentangle ionic, electronic, and trap-related contributions to the 

1144 measured signals. Understanding these potential artifacts is essential for correctly 

1145 interpreting atomic morphology and nanoscale surface potential measurements in 

1146 halide perovskites.

1147 6. Conclusion and outlook 

1148 In summary, this review highlights the crucial role of SPM and its derivative techniques 

1149 in advancing the understanding of halide perovskites. Through the complementary use 

1150 of AFM, STM, and KPFM, the structural, optoelectronic, and ionic characteristics of 

1151 halide perovskites can be explored at the atomic scale, providing valuable insights into 

1152 their microscopic behavior under illumination and its impact on device performance. 

1153 Furthermore, by integrating SPM with advanced optical measurement approaches, 
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1154 macroscopic optoelectronic phenomena can be resolved down to the nanoscale, 

1155 enabling direct observation of illumination-induced changes in carrier dynamics and 

1156 interfacial processes.

1157 In particular, KPFM has proven to be a pivotal technique for probing surface work 

1158 function and charge distribution, and when combined with electrical or optical pump-

1159 probe methods, it extends SPM’s capability into the high spatial–temporal domain. 

1160 Such progress allows for the direct visualization of transient carrier migration and 

1161 dynamic interfacial phenomena that govern device operation. Overall, the convergence 

1162 of SPM and optical spectroscopies establishes a powerful experimental framework for 

1163 unraveling the complex interplay between structure, charge, and functionality in 

1164 perovskite optoelectronic systems, paving the way for the rational design of next-

1165 generation, high-performance, and stable halide-perovskite-based devices.

1166 Looking forward, further improvements in spatial resolution will be essential for 

1167 deepening our understanding of nanoscale heterogeneity in perovskite materials. 

1168 Although atomic or sub-nanometer resolution has been achieved under ideal conditions, 

1169 many measurements on operational devices are still limited by tip geometry, 

1170 environmental instability, and long-range electrostatic interactions. Future 

1171 developments in ultra-sharp conductive probes, low-noise detection electronics, and 

1172 advanced feedback algorithms are expected to enhance the reliability and 

1173 reproducibility of high-resolution imaging. In addition, combining SPM with functional 

1174 mapping techniques, such as c-AFM, PL-AFM, and s-SNOM, will enable simultaneous 

1175 acquisition of structural and optoelectronic information with improved lateral precision. 

1176 Such progress is particularly important for resolving GBs, defects, ion accumulation 

1177 regions, and buried interfaces, all of which critically influence charge transport, 

1178 recombination pathways, and long-term stability. Achieving true atomic-scale 

1179 resolution in realistic device architectures will provide unprecedented insight into 

1180 defect physics and interfacial band alignment.

1181 Equally important is the advancement of temporal resolution. Many key processes in 

1182 halide perovskites, including carrier trapping, ion migration, phase segregation, and 

1183 interfacial charge transfer, occur on timescales ranging from femtoseconds to 

1184 milliseconds. Conventional SPM techniques are often limited by relatively slow 

1185 scanning speeds and feedback response times, which constrain their ability to capture 
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1186 ultrafast or transient phenomena. The integration of high-speed AFM, pump-probe 

1187 technology, and advanced data acquisition systems offers a promising route toward 

1188 bridging this gap. By synchronizing optical excitation with fast electrical detection, it 

1189 becomes possible to monitor dynamic surface potential variations and transient 

1190 photocurrent responses in real time. The development of tr-KPFM and other ultrafast 

1191 SPM modalities will further enable the study of carrier recombination kinetics, ionic 

1192 redistribution under bias, and reversible or irreversible structural transformations under 

1193 illumination. Enhancing temporal resolution is therefore crucial for correlating 

1194 nanoscale observations with device-level performance metrics such as hysteresis, 

1195 efficiency roll-off, and operational degradation.

1196 Another critical direction for future research is the implementation of in situ and 

1197 operando characterization. Halide perovskites are highly sensitive to environmental 

1198 factors, including moisture, oxygen, temperature, electric field, and light. Consequently, 

1199 ex situ measurements performed under ambient or vacuum conditions may not fully 

1200 represent the material behavior during real device operation. Developing environmental 

1201 SPM platforms capable of controlling atmosphere, humidity, temperature, and 

1202 illumination will allow systematic investigation of degradation pathways and phase 

1203 evolution. In situ biasing experiments can reveal ion redistribution, interfacial 

1204 polarization, and defect activation under realistic working conditions. Furthermore, 

1205 integrating SPM with encapsulated device architectures or microfabricated test 

1206 platforms will facilitate operando measurements that directly correlate nanoscale 

1207 structural and electronic changes with macroscopic performance. Such approaches are 

1208 indispensable for clarifying the mechanisms underlying long-term instability and for 

1209 guiding effective strategies to suppress ion migration, defect formation, and interfacial 

1210 degradation.

1211 Beyond individual improvements in spatial and temporal capabilities, the future of SPM 

1212 in halide perovskite related research will likely involve multimodal and correlative 

1213 methodologies. Combining SPM with electron microscopy, synchrotron-based 

1214 spectroscopies, or ultrafast optical techniques can provide complementary information 

1215 across different length and time scales. Machine learning-assisted data analysis may 

1216 also play an increasingly important role in extracting subtle correlations from large, 

1217 multidimensional datasets. Through these synergistic developments, SPM will evolve 
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1218 from a primarily imaging-based technique into a comprehensive nanoscale diagnostic 

1219 platform.

1220 Continuous innovation in spatial resolution, temporal resolution, and in situ operando 

1221 methodologies will significantly enhance the power of SPM techniques in research of 

1222 halide perovskite. These advances will enable a more thorough understanding of 

1223 dynamic processes, defect physics, and interfacial phenomena that ultimately dictate 

1224 device efficiency and stability. By bridging the gap between nanoscale mechanisms and 

1225 macroscopic functionality, next-generation SPM approaches will remain at the 

1226 forefront of fundamental studies and technological optimization of halide-perovskite-

1227 based optoelectronic systems.
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