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Scanning microwave impedance microscopy is a non-contact, near-field method

used to reveal the local conductivity induced by optical illumination in perovskites.

For CsFAPbI3, Werf et al. report that excess charges are distributed evenly over

grains, but due to local defect-rich areas, possibly related to different crystal

facets, local perturbations in carrier concentration exist.
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Charge distribution in CsFAPbI3 spatially resolved
by scanning microwave impedance microscopy

Verena M. van der Werf,1 Jiashang Zhao,1 Jim S. Koning,1 Jasmeen Nespoli,1 Jos Thieme,1

Marcel Bus,1 and Tom J. Savenije1,2,*
SUMMARY

Metal-halide perovskites deposited by wet-chemical deposition
have demonstrated great potential for various electronic applica-
tions, including solar cells. A remaining question is how light-
induced excess charges become distributed over such polycrystal-
line material. Here, we examine the local conductive properties of
MAPbI3 and CsFAPbI3 by using scanning microwave microscopy
(sMIM) in the dark and light. sMIM is an atomic force microscopy
(AFM)-based technique measuring variations of the in-phase and
out-of-phase signals due to changes in the tip-sample interaction,
yielding MIM-Re and MIM-Im images, respectively. Combining this
information leads to a picture for CsFAPbI3 in which excess charges
are distributed evenly over the grains, but due to local defect-rich
areas, possibly related to different crystal facets, local perturba-
tions in carrier concentration exist. For solar cells, this distribution
in carrier concentration under illumination leads to variation in the
local Fermi level splitting, which should be suppressed to reduce
the voltage deficit.
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INTRODUCTION

Metal-halide perovskites (MHPs) have demonstrated great potential for various

electronic applications including solar cells, LEDs, and X-ray detectors.1–3 The

band gap of these materials can be tuned over a broad range within the visible

and near-infrared (NIR) part of the solar spectrum. Moreover, the respectable mobil-

ities and charge carrier lifetimes ensure diffusion lengths substantially exceeding the

light penetration depth such that even charges generated far from the MHP/trans-

port layer interface can still efficiently be transported and extracted. Most remark-

ably, high-quality layers can be deposited by simple wet-chemical deposition tech-

niques, yielding devices with a reported power conversion efficiency above 25%.4,5

Despite this simple and versatile processing method, the concentrations of trap

states are very modest, which is attributed to the fact that most defects do not

form a deep state within the optical band gap.6–8 However, detailed analyses of

photovoltaic devices based on these materials show that the maximum attainable

voltage has not yet been reached.9 Part of the voltage deficit is often associated

with loss mechanisms at the interface of the MHP with the transport layers.10,11

This voltage deficit is a result of undesired non-radiative recombination of light-

induced charge carriers mediated by, e.g., surface defect states. These could be

formed during MHP crystallization and/or on the deposition of the transport layer.

Hence, to reduce the voltage deficit, more information regarding these defects is

necessary, for instance, their origin, concentration, and spatial distribution over

the MHP surface. It is important to realize that a locally high concentration of defect
Cell Reports Physical Science 4, 101491, July 19, 2023 ª 2023 The Author(s).
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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states leads to a locally lower Fermi level splitting, which reduces the power conver-

sion efficiency (PCE) of the entire solar cell substantially. Hence, a remaining ques-

tion is how light-induced excess charges spread over such polycrystalline material

since an imbalance in concentration might limit the ultimate voltage of a

corresponding photovoltaic device.

Over the last few years, a number of nanoscale techniques have been used to study

the charge carrier distribution in MHP layers,12–14 starting with confocal photolumi-

nescencemeasurements.14 From those works it was concluded that the grain bound-

aries are more trap rich than the bulk, resulting in a large heterogeneity in PL

intensity.15 Scanning kelvin probe force microscopy revealed also a large heteroge-

neity in the contact potential difference, which was at least partially attributed to ion

migration occurring on optical excitation.16,17 Locally recorded I/V curves using

photoconductive atomic force microscopy suggested that variations in photovolt-

age and -current could be linked to dissimilarities in crystal facets.18 Combination

of (time-resolved) local photoluminescence (PL) measurements with other tech-

niques, such as nanodiffraction measurements and transmission electron micro-

scopy (TEM), showed that grains might comprise multiple smaller grains with a

spread in crystal orientation, complicating the optoelectronic properties of these

materials even more.19,20 Moreover, defect states limiting the photovoltaic perfor-

mance turned out to be grouped in clusters.21

Despite these insights, it is unclear to what extent excess charge carriers still get

evenly spread over the MHP surface. To address this question, we use in this work

scanning microwave impedance microscopy (sMIM) to reveal the local conductivity

induced by optical illumination. sMIM is a non-contact, near-field method able to

locally probe the dielectric properties, i.e., the local permittivity and conductivity.

The main components of the instrumental setup are shown in Scheme 1, with a focus

on the tip-sample interaction. For sMIM, a shielded cantilever probe is mounted on

an atomic force microscopy (AFM) machine and placed in contact with the sample of

interest. The shielded tip is connected via an impedance-matched transmission line

to a microwave generator (�3 GHz) to allow optimal transmission of the microwaves

to the tip apex. The microwaves arriving at the tip result in an evanescent field, inter-

acting with the sample near the tip apex. The admittance (reciprocal of impedance)

between the sample and tip apex, Yts, perturbs this impedance-matched system as a

function of the local permittivity and conductivity of the sample. The tip-sample

admittance influences the phase and amplitude of the reflected microwaves back

to the microwave coupler, where its reflected signal is isolated from its incident

signal. Next, the reflected signal is subtracted from its incident signal so that only

the result of the tip-sample admittance is amplified. Finally, the signal is demodu-

lated in in-phase and out-of-phase components with a phase adjustment obtained

during the calibration process. The in-phase signal is denoted as the real part of

the signal yielding the MIM-Re images, while the out-of-phase signal is denoted

as the imaginary part of the signal yielding the MIM-Im images.22–26

Previous measurements using sMIM predominantly focused on the effects of degra-

dation due to light, air, or a combination of both.23,27,28 Here, we want to examine

the charge concentration over the surface of two MHPs, i.e., Cs0.17FA0.83PbI3 (here-

after denoted as CsFAPbI3) andMAPbI3. We study these materials by comparing the

MIM-Re and MIM-Im images recorded in the dark and under optical excitation using

a green power LED at 530 nm. While in the dark the MIM-Re images show no

contrast, with increasing light intensities, the contrast increases. By converting the

individual pixels comprising the MIM-Re images into a histogram, apart from a
2 Cell Reports Physical Science 4, 101491, July 19, 2023



Scheme 1. Illustrations of the sMIM setup and the tip-sample interaction

(A) Main components of the commercial sMIM instrumental setup.

(B) Interaction between the scanning tip and the topology/dielectric properties of the crystalline grains of the sample surface. The illumination system

used in this work (green LED) is also shown.

(C) The size of the evanescent microwave electric field at the tip-sample contact region, illustrating the penetration depth within the sample probed by

the microwaves.
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broadening, a shift is also observed for both MHPs with increasing light intensity.

From here, we conclude that, in particular for MAPbI3, the charge carrier distribution

is rather homogeneous. For CsFAPbI3, illumination leads to additional contrast over

a single grain, which we associate with the fact that CsFAPbI3 shows a non-preferen-

tial orientation growth. Various crystal facets with different surface terminations have

an effect on the defect density and thus on the excess charge concentration. Hence,

for a CsFAPbI3 layer featuring various planes possibly within a grain, the variation in

excess charge concentration leads to more contrast, even over a single grain. This

insight highlights the need for a homogeneous, preferential growth of the MHP

absorber layer in order to prevent heterogeneities in charge carrier distribution

and the associated voltage deficit in perovskite solar cells.

RESULTS AND DISCUSSION

Perovskite synthesis and characterization

For our sMIM studies, around 500-nm-thick layers of CsFAPbI3 and 300 nm MAPbI3
were deposited on quartz substrates by spin coating from either mixed DMF/DMSO

or pure DMF precursor solution. For deposition of CsFAPbI3, anisole was used as an

anti-solvent (see Note S1 for more details). The X-ray diffraction (XRD) patterns

shown in Figure S1 disclose a very high preferential growth for MAPbI3, while for

CsFAPbI3, a more randomly orientated polycrystalline layer is observed. The use

of the anti-solvent forcing quick precipitation and crystallization could, for

CsFAPbI3, explain the absence of preferential growth. In Figure S2, the optical
Cell Reports Physical Science 4, 101491, July 19, 2023 3



Figure 1. The MIM-Re images of CsFAPbI3 measured in the dark and under illumination

(A) 0, (B) 23.9, (C) 52.3, and (D) 85.3 mW/cm2 at a wavelength of l = 530 nm.
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attenuation of both samples is provided, showing optical absorption onsets in line

with the literature.29,30

sMIM

Next, we measured the MIM-Re and MIM-Im images of the CsFAPbI3 layer in the

dark and at gradually higher light intensities (see Figure 1). During the measure-

ments, the perovskite sample is illuminated from the backside. This in situ illumina-

tion setup consists of a power LED with a wavelength of 530 nm, which illuminates

the center area of about 3 mm2 of the sample homogeneously (see Scheme 1B). It

is worth noting that the system stabilization time takes approximately 10 min, and

hence the charge carrier distribution in the sample is already in a steady-state con-

dition under illumination when the measurement is performed. In Note S2 and

Figures S3 and S4, the experimental methods including the used corrections are

described in detail. Most importantly, the MIM-Re images show, in the dark, hardly

any contrast, while with gradually higher light intensities, two important observa-

tions can be made. First, the contrast increases, and second, the mean voltage of

the entire image changes, which is apparent from the change in color. These

changes in the MIM-Re image are a direct result of the light-induced excess charges

that are created by the green LED. Basically, these excess charges can be acceler-

ated by the evanescent microwave field produced at the sMIM tip apex, which leads

to some microwave power dissipation and hence a reduction in reflected microwave

power. The MIM-Im images recorded at different light intensities are rather compa-

rable, as shown in Figure S5, apart from a small reduction in the average voltage. It is

important to note here that the sMIM images do not have a direct resemblance to

the surface topology but result from the interaction of the evanescent field present

at the cone-shaped tip with the non-planar surface of the sample (see Scheme 1C).
4 Cell Reports Physical Science 4, 101491, July 19, 2023



Figure 2. Analysis of histograms derived from MIM-Re images for CsFAPbI3 recorded at various light intensities

(A–D) 0 (A), 23.9 (B), 52.3 (C), and 85.3 mW/cm2 (D) at a wavelength of l = 530 nm.

(E) The dependence of the average voltage (Vavg; blue) and the full width at half maximum of the histogram (VFWHM; orange) representing, respectively,

the mean and the contrast of the MIM-Re image vs. the used light intensity are presented.

(F) The same dependencies as (E) for the MIM-Im images.
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To extract more quantitative information from the acquired MIM-Re and MIM-Im im-

ages, all data points constituting the MIM-Re image were analyzed by making the

histograms shown in Figures 2A–2D. Note that for the histograms, the voltage of

the raw data points is used to obtain a full picture of the light-induced changes within

the MHP layer. Here, two interesting observations can be made for the MIM-Re data

as shown in Figure 2. First, the average value of the data points (Vavg) shifts gradually

to lower values. On top of that, the full width at half maximum values (VFWHM) of the

histograms become larger, meaning that a stronger contrast is observed. However,
Cell Reports Physical Science 4, 101491, July 19, 2023 5
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Figure 3. Experimentally recorded steady-state microwave frequency spectra

(A) SSMC measurements for CsFAPbI3 at different illumination times. From fitting (full lines) the normalized SSMC spectra (markers) in the light and in

the dark, (B) a light-induced conductance of 1.15 mS is deduced (corresponding to a conductivity of 1 S/m).
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Vavg and VFWHM derived from the MIM-Im images hardly change, as shown in

Figure S6.

Upon plotting Vavg and VFWHM of the MIM-Re image as a function of the light inten-

sity, we observe similar trends as shown in Figure 2E. This implies that the higher the

conductivity, the more contrast can be discerned. As mentioned, little variation is

observed for the contrast for the MIM-Im images, which is confirmed by small varia-

tions of VFWHM shown in Figure 2F. Very similar results were obtained for other pe-

rovskites such as MAPbI3, showing that only in the presence of excess carriers is

contrast in the MIM-Re image visible (see Figure S7). On the contrary, for CsFAP-

b(I0.6Br0.4)3, no contrast could be recorded in the MIM-Re image upon light expo-

sure. This can be attributed to the short lifetimes of the excess charge carriers in

this material, leading to low photoconductivities.31

Steady-state microwave conductance

Next, to make an estimate of the size of light-induced conductance, another micro-

wave-based technique, i.e., SSMC was applied. This method, relying on the interac-

tion of microwaves with free mobile carriers, allows for determining the conductivity

of thin films in an electrodeless fashion.32 The working principle and instrumental

setup are described in the supplemental information (Figure S8). Figure 3A shows

the frequency scans of CsFAPbI3 in dark and light of comparable intensity as used

in the sMIM measurements. In the absence of light, the frequency scan resembles

the scan of an identical quartz substrate, demonstrating the intrinsic nature of the

pristine material in the dark. Upon light exposure, the dip of the frequency scan

deepens more or less independent of the illumination time. Switching off the light

source yields a scan identical to the original intrinsic material. In Figure 3B, quanti-

tative analyses on the frequency scans are performed to reveal the light-induced

conductivity amounting to 1.6 S/m for the 500-nm-thick CsFAPbI3 layer (see Note

S3 for more detailed information).32 This is comparable to the conductivity found

in MAPbI3, while for CsFAPb(I0.6Br0.4)3, values are substantially smaller. From here,

we can conclude that conductivities in the order of 1 S/m in the sample under inves-

tigation are required to obtain appreciable contrast in the MIM-Re image.

Modeling

Next, we want to examine what kind of response such a conductivity change induces

in the MIM-Re and MIM-Im images on a theoretical basis. Therefore, changes in
6 Cell Reports Physical Science 4, 101491, July 19, 2023



Figure 4. Calculated in- and out-of-phase microwave response as a function of conductivity using finite-element calculations

(A) The MIM-Re and (B) MIM-Im signals as functions of the conductivity of the layer. The various lines represent the responses for different relative

permittivity values. A tip-sample distance of 2 nm is assumed in the calculations.
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admittances are calculated as a function of the conductivity of the sample for various

values of the permittivity using a finite-element analysis method (see Note S2 for the

used method).

Figure 4A shows how the in-phasemicrowave reflection intensity, responsible for the

MIM-Re image, is a function of the conductivity of the perovskite layer. Changing the

relative permittivity leads to different signal strengths, while the maximum response

also changes slightly to a higher conductivity value. However, basically, an appre-

ciable response can be expected around conductivity values close to 1 S/m, which

are comparable to previously reported values using this theoretical approach.23,27

This perfectly aligns with our previous discussion, in which we concluded that for

observing contrast in the MIM-Re image, conductivities in this order of magnitude

are required. Moreover, at low conductivities, the signal strength is basically zero,

and no contrast can be observed.

Next, we calculated the microwave reflection for the out-of-phase signal related to

the MIM-Im image as a function of the perovskite conductivity (see Figure 4B). Since

even at low conductivities, the out-of-phase signal is non-zero, a MIM-Im image can

be expected in line with our observations. Clearly, variations in the relative permit-

tivity lead to changes in the observed contrast. Variations in the permittivity can be

expected to occur near or at grain boundaries.33 At higher conductivities, the reflec-

tion becomes independent of the permittivity and, at some point, even independent

of conductivity variations. Most importantly, an increase in the conductivity up to

about 1 S/m will give rise to a different signal strength not only in the MIM-Re image

but also in the MIM-Im image.

Charge carrier distribution under illumination

In the next part, we look in detail at the changes appearing in the sMIM images upon

switching from dark to light. Basically, this means that we go from a low <0.1 S/m to

an overall conductivity of about 1.6 S/m as revealed by the SSMCmeasurements. As

discussed in the introduction, we want to investigate to what extent the correspond-

ing charge carriers distribute homogeneously over the grains. To this end, we will

investigate the changes induced by visible light by comparing both MIM-Re and

MIM-Im images with the topological images shown in Figure 5 for CsFAPbI3. Histo-

grams derived from the sMIM images are provided in Figure S9. Optical excitation of
Cell Reports Physical Science 4, 101491, July 19, 2023 7



Figure 5. Comparison of MIM-Re, MIM-Im, and topology in the dark and under illumination

(A and B) MIM-Re, (C and D) MIM-Im, and (E and F) topological images of CsFAPbI3 measured in the dark (left) and upon exposure with monochromatic

light of 85.3 mW/cm2 at l = 530 nm (right). The markers are used to illustrate the correlations between the MIM images and topology.
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the perovskite leads to similar changes in the Vavg and FWHM values of the MIM-Re

image as those for the highest intensity used in Figure 1D. Furthermore, we want to

add here that upon continuing to record multiple images (>10) during illumination,

the Vavg remains constant, indicating that no degradation of optoelectronic proper-

ties of the perovskite occurs during the measurement. Images recorded by starting

scanning from opposite sites on the MHP surface provide comparable results.

Furthermore, the illuminated spot does not show any signs of phase changes or for-

mation of PbI2 upon illumination, as derived from XRD after optical excitation (see
8 Cell Reports Physical Science 4, 101491, July 19, 2023
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Figure S10). The MIM-Im image in the dark provides detailed information regarding

the grain dimensions constituting the perovskite layer. The individual grains are rela-

tively homogeneous in appearance. Corresponding grains can, to some extent, be

identified in the topological images, which are illustrated by the different markers in

Figures 5E and 5F, although the resolution of the latter images is limited. Then, upon

illumination, the topological image remains basically identical, as shown by the iden-

tical features indicated by the markers, although some blunting of the tip might lead

to some reduction of fine contrast. Interestingly, when inspecting the MIM-Im image

upon illumination, the individual grains reveal substantially more variation, as de-

noted in Figure 5D. In particular, in the areas near the grain boundaries, more

contrast is visible. Hence, upon comparing the MIM-Im images in the light and the

dark, we can conclude that for CsFAPbI3, the charge distribution is not only influ-

enced by the morphology but also other factors that influence the charge distribu-

tion under illumination. Upon comparing the MIM-Re and MIM-Im images recorded

in the light, corresponding areas can be recognized, although the MIM-Re image

shows less resolution.

To see whether these effects also occur in other MHPs, sMIM and topologic images

of MAPbI3 are recorded in the dark and in the light (see Figures S11 and S12). The

grain sizes of MAPbI3 are clearly larger than those of CsFAPbI3. The histograms

for the MIM-Re image show, upon illumination, a clear shift, comparable to that of

CsFAPbI3. Although the MIM-Im images show, in the dark, comparable features to

CsFAPbI3, upon optical excitation, the MIM-Im images of MAPbI3 lack the enhanced

contrast near the grain boundaries. To quantitatively substantiate the claims above,

we plotted the voltages of the MIM-Im image vs. the height from the topological im-

ages of MAPbI3 and CsFAPbI3 measured in the dark and under illumination (see

Figures S13). To monitor the correlation between MIM-Im and topology, we linearly

fitted the data and obtained a value of R2, which allows for the evaluation of the qual-

ity of the fit. Most importantly, the R2 values of MAPbI3 in the dark (Figure S13A) and

upon light exposure (Figure S13B) are very comparable, implying that, upon illumi-

nation, the charge distribution in MAPbI3 does not vary much. This is in agreement

with the visual observations that the individual grains of MAPbI3 appear relatively

homogenously upon illumination. In contrast, for CsFAPbI3, the R2 upon illumination

is substantially smaller than the R2 found in the dark. From the correlation plots, we

can conclude that for CsFAPbI3, the charge distribution is not only influenced by the

morphology but also other factors influence the charge distribution of excess

carriers.

We now turn to the question of how excess charge carriers distribute upon illumina-

tion. Firstly, it is important to realize that by looking at the histograms of Figures S9

for CsFAPbI3 and S11 for MAPbI3, the Vavg has shifted substantially, and no overlap

between histograms with or without light is present. This implies that light-induced

charges are spread over entire grains. This is also visualized by the complete color

change in Figures 5 and S12. As detailed in themodeling section, enhanced conduc-

tivity might essentially give rise to more contrast in the MIM-Re image; however, the

signal strength is also always modulated by the permittivity and topology. For the

MIM-Im image, contrast is a result of variation of the polarizability and topology,

but the conductivity also has an impact. Hence, we tentatively attribute the

enhanced contrast in theMIM-Im image near the grain boundaries within the individ-

ual grains for the CsFAPbI3 to areas with a high density of trap states and/or excess

charges. Since similar features are also discernable in the MIM-Re image, it is more

likely that we have local areas with increased carrier concentration present in this

location. In short, the sMIM images for CsFAPbI3 reveal that charges are distributed
Cell Reports Physical Science 4, 101491, July 19, 2023 9
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evenly over the grains but that local perturbation in carrier concentration around

these local defect-rich areas exists. This would suggest that the defective areas

with higher charge carrier concentrations are missing in MAPbI3. A possible explana-

tion might be found in the very high preferential growth of the MAPbI3 grains, which

is absent for CsFAPbI3 as revealed by the XRD measurements. Since the surface ter-

minations for different crystal planes are chemically different, this will have an effect

on the defect density and thus on the excess charge concentration.34,35 Hence, for a

CsFAPbI3 layer exhibiting a highly non-preferential growth, we can expect different

crystal facets on the surface of a grain, which leads to a variation in excess charge

concentration and hence more contrast over a single grain.

The above observations bring us back to the original question, namely how the

excess charge carriers are distributed over the perovskite layer. A straightforward

conclusion is that polycrystalline MHP layers comprising randomly orientated grains

with different surface terminations show variation in excess charge carriers. This

conclusion seems to be in line with previous research using locally recorded I/V

curves using photoconductive AFM. In that work, differences in photovoltage and

-current were linked to dissimilarities in crystal facets leading to different charge car-

rier dynamics.18 In fact, the present findings also agree with the previous statements

that grains might comprise multiple smaller grains with varying crystal orienta-

tions.19,20 As mentioned in the introduction, the excess charge carrier concentration

directly determines the Fermi level splitting. Thus, variations in Fermi level splitting

over theMHP surface will lead to a voltage loss. A way to avoid this might be trying to

achieve a more homogeneous grain crystallization during depositions such that the

interface with the transport layer is microstructurally and chemically more uniform.

Alternatively, another viable solution may be studying passivation treatments tar-

geting the most vulnerable surface terminations. This will avoid variations in the

Fermi level splitting and ultimately improve the PCE.

To conclude, MHPs have demonstrated great potential for various electronic appli-

cations including solar cells. High-quality layers containing small concentrations of

trap states can be deposited using wet-chemical deposition techniques. In this

work, we studied how light-induced excess charge carriers become distributed

over such polycrystalline material since this might limit the ultimate voltage of a cor-

responding photovoltaic device. Here, we have examined the local conductive

properties of a CsFAPbI3 and a MAPbI3 layer by using sMIM in the dark and upon

optical excitation. With gradually increasing optical intensities, both the measured

averaged signal height as well as the contrast increase in the MIM-Re images. We

conclude that a conductivity on the order of 1 S/m is required for recording an appre-

ciable MIM-Re image, in line with modeling. Interestingly, in the MIM-Im image for

CsFAPbI3 the individual grains reveal substantially more variation in illumination

than in the dark, in particular in areas near the grain boundaries. This effect is missing

for the MIM-Im image of MAPbI3. We attribute this observation to the very high pref-

erential growth of theMAPbI3 grains, which is absent for CsFAPbI3 as revealed by the

XRD measurements. Since the surface terminations for different crystal planes are

chemically different, this will have an effect on the defect density and thus on the

excess charge carrier concentration. Combining the information from both micro-

wave and topological images leads to a picture in which excess charges are distrib-

uted evenly over the grains, but a local perturbation in carrier concentration exists

due to local defect-rich areas. For solar cells, this spread in carrier concentration un-

der illumination leads to variation in the local Fermi level splitting and should be sup-

pressed efficiently. This insight highlights the need for a homogeneous, preferential
10 Cell Reports Physical Science 4, 101491, July 19, 2023
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growth of the MHP absorber layer to enhance to attainable open circuit voltage of a

corresponding solar cell.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, Tom J. Savenije (T.J.Savenije@tudelft.nl).

Materials availability
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