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Abstract. In this study we analysed halide perovskite films deposited directly on crystalline silicon by means of
two set-ups using different operating modes of the surface photovoltage (SPV) methods, i.e., the Kelvin probe
force microscopy (KPFM) and the metal-insulator-semiconductor (MIS) technique. The KPFM allowed to
visualize surface potential distribution on a microscale while MIS technique allowed to study SPV spectral
dependence. We studied wavelength dependent SPV of these samples, which allowed us to effectively vary the
probe depth in the sample and discern the contribution from each interface to the overall effect measured under
white light illumination. Depending on where the photocarriers are generated, different SPV signals are
observed: at the perovskite/Si interface, the signal depends on Si doping type, while at the surface the SPV is
always negative indicating downward surface band bending. This is confirmed by analysing SPV phase
measured in the AC MIS mode. In addition, distinction between slow and fast processes contributing to
measured SPV was possible. It has been observed, that with decreasing the illumination wavelength, the
processes causing SPV become slower, which can indicate that high energy photons not only generate electronic
photocarriers but can also induce chemical changes with creation of defects or ionic species that also modify the
measured SPV.

Keywords: Surface photovoltage / Kelvin probe force microscopy / metal halide perovskites /
metal-insulator-semiconductor
1 Introduction

Perovskite-silicon tandem solar cells are a promising way
for overcoming the single-cell efficiency limit. To date, only
a few studies were dedicated to a direct investigation of
immediate perovskite-silicon interface [1–6]. While in most
tandem solar cell designs these two materials are not in
direct contact, knowledge of the carrier transport and
band alignment at their interface would allow for a
better understanding of their compatibility and
attainable performance levels, guiding the development
of perovskite-silicon tandem solar cells in monolithic device
leksandra.bojar@cnrs.fr
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architectures with adapted tunnel-recombination junc-
tions between the two sub-cells.

The surface photovoltage (SPV) technique consists of
measuring the changes of the surface potential, which are
induced by optical generation of free charge carriers,
followed by their space redistribution in the sample. It
gives information regarding band bending in the sample
both at the surface and interfaces, and thus opens the
discussion on band alignment between materials.

Our approach was based on producing samples of
perovskite directly deposited on crystalline silicon sub-
strate via spin coating method. We have chosen triple
cation mixed halide perovskite due to its superior proper-
ties over MAPbI3 [7], and silicon substrate of p-type (p-Si)
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and n-type (n-Si) doping. Then, we used surface photo-
voltage effect to gain some insights about the charge carrier
transport in this material system. For this, we used two
different configurations to measure the SPV, namely metal-
insulator-semiconductor configuration and Kelvin probe
force microscopy. Regarding the former, we measured SPV
in the broad illumination wavelength range, from 900 to
500nm. Regarding the latter, we used three different
illumination wavelengths to be able to induce the SPV
effect in different regions in the sample. Based on the
absorption spectra of our perovskite and its band gap
measuredbyPL, the infrared illumination ispassing through
perovskite layer to be finally absorbed in the silicon below.
SPVmeasuredwith theuse of this illuminationwill originate
mostly from the buried interface band bending.On the other
hand, blue illumination is fully absorbed at the perovskite
surface due to strong absorption coefficient at this photon
energies and will provide us with the information about the
band bending present at the perovskite surface.

In KPFM, conducting AFM tip acquires the topography
image and surface potential distribution simultaneously,
which can be done both in the dark and under laser
illumination. The measured parameter in this method is a
contactpotentialdifference,CPD,whichreflects thepotential
at the sample’s surface. By subtracting theCPDmeasured in
thedark fromtheonemeasuredunder illumination,weobtain
the SPV magnitude and sign (that is the sign of the charge
carriers, either electronic or ionic, that were moving toward
the surface where the measurement is done). The SPV is the
measureof theseparationofphotogeneratedchargecarriers in
space [8–12]. The value of SPV is proportional to the number
of separated carriers, while its sign indicates the type of
carriers that moved towards the surface, where the SPV is
measured. Equivalently, that means that it provides us with
the magnitude and the direction of the band bending.
Downward band bending is flattening under illuminationdue
to electrons moving towards the surface. The measured SPV
will be negative in this case. Similar principle applies to the
buried interface band bending. The opposite is true in case of
upward band bending.

An alternative way of measuring the SPV can be done in
metal-insulator-semiconductor configuration [13–15]. Here,
plate capacitor is formed, which is then charged andbrought
to open circuit conditions. The structure is illuminated with
a chopped light with sufficiently high frequency to avoid
gradual discharge of the capacitor, and the excitation
reachingthe samplecanbeexpressedby I0cos(vt),where I0 is
the incoming light intensity and v is the frequency of the
chopper. The change of the surface potential due to
photovoltaic effect results in equivalent voltage change
between theplates of the capacitor.TheSPVat the insulator
semiconductor interface ismeasured by lock in amplifier and
can be expressed by SPVcos(vt-φ), where SPV is the
amplitude of themeasured signal andφ is its phase.Based on
[13,14]we can interpret the amplitudeSPVas the equivalent
of the magnitude of the surface photovoltage measured by
KPFM, while the phase as the equivalent to the sign of the
SPV. The phase located between 0° and 90° and 0° and�90°
corresponds to the positive sign of the SPV, while the phase
located between 90° and 180° and �90° and �180°
corresponds to the negative sign of the SPV.
2 Results and discussion

2.1 Sample production

Triple cation mixed halide perovskite thin films were
deposited via spin-coating method directly on c-Si
substrates of p-type and n-type doping type. Material
and procedure details can be found in the supporting
information (SI). The preparation of the c-Si surface turned
out to be crucial for the successful perovskite deposition,
and 30min of the ultraviolet-ozone treatment provided the
sufficient hydrophilicity of the surface to obtain full and
homogenous coverage. The perovskite layers quality has
been then assessed using X-ray diffraction (XRD),
scanning electron microscopy (SEM), ultraviolet photo-
emission spectroscopy (UPS) and photoluminescence (PL).
The results are shown in the SI. In brief, the SEM images,
as well as the photo on the Figure S1 reveal that the
perovskite layer fully and quite homogenously covered
silicon surface, providing a high-quality surface for further
examination. The film thickness was between 400 and
500 nm, as expected form production parameters. Presence
of another phase can be seen on backscattered electron
image, where brighter grains indicate probably PbI2 phase.
This is expected, as the perovskite solution was prepared
with PbI2 excess to increase material performance, as
reported in the literature [16], and used in the baseline
perovskite solar cell production in our institute. The XRD
results (Fig. S2) revealed highly crystalline nature of the
perovskite film exhibiting the perovskite phase as the
dominant one. The small amounts of the foreign phase have
been observed and it has been identified as PbI2 phase. The
presence of strong peak around 70° has been observed and it
corresponds to the substrate main plane family <100>.
The band gap of perovskite film was determined using
photoluminescence measurements, and it is 1.63 eV.
Important to note is that there were no differences in
these measurements between perovskite deposited on p-
type or n-type silicon: structural and morphological
properties of the film as well as the band gap were not
depended on the silicon-substrate doping type.

Figure 1 shows the normalised photoluminescence (PL)
represented by the green peak, and normalised absorbance
(black dashed line) obtained from spectroscopic ellipsom-
etry measurements. The graph also contains the wave-
lengths of the lasers used in KPFM surface photovoltage
experiments, namely 488 nm, 785 nm and 980 nm. They are
represented by the vertical pink dotted lines. This allowed
us to estimate the absorption process of each of the four
wavelengths in the PVK/c-Si system. The laser of 488 nm
will be quickly absorbed by the perovskite surface due to
very strong absorbance at these wavelengths. The 785 nm
laser will be absorbed by perovskite bulk, but some part of
it will be transferred to the c-Si substrate. Finally, the
980 nm laser will not be absorbed by the perovskite, and
thus it will be fully transmitted to and absorbed by the c-Si.
The wavelength dependence of the perovskite photovoltage
and potential response has been reported in the literature
[17–21]. The idea of probing different regions of the sample
using various illumination wavelengths is not new [22] but
implemented for the first time to probe direct interface



Fig. 2. The SPV results measured on bare c-Si substrates (n-type blue and p-type green) using KPFMmethod. The direction of SPV
does not depend on the illumination wavelength and results in positive SPV for n-Si and negative SPV for p-Si.

Fig. 1. The idea of the experiments performed in this work: the use of the laser of different wavelengths allows to induce SPV effect in
different regions of the sample. Based on PL/absorbance results showed on the graph, the 980 nm illumination is not absorbed by PVK
layer but only by c-Si below and on the other hand the 488 nm laser is absorbed mostly at the perovskite surface.
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between perovskite and crystalline silicon. Here, both
materials are absorbers of different parts of the illumina-
tion spectrum, thus depending on where the light is
absorbed the carriers can be generated either in silicon, in
perovskite bulk or at the perovskite surface. Furthermore,
highly energetic photons can induce other effects than
electronic ones, which will be also discussed in this work.

2.2 KPFM results

Firstly, we measured the wavelength dependent SPV of the
bare c-Si substrate. The results of the measurements are
shown in Figure 2.

On Figure 2a we can see the change in the surface
potential induced by the infrared illumination (980 nm) for
n-Si (blue line) and p-Si (green line). The n-Si shows
positive value of SPV ≈ 0.15V, while p-Si shows negative
value of SPV≈�0.12V. In c-Si wafer the only region where
the electrostatic field can exist is the surface space charge
region. Majority charge carriers get trapped at the surface
states leading to the depletion at the surface (reduced
density of the majority carriers in comparison to its
equilibrium value). For n-Si, electrons are captured by the
surface states and the upward band bending is formed.
Under illumination, electron-hole pairs are created and
separated by the built-in field due to this band bending.
The electrons move towards the bulk, and holes towards
the surface, where they neutralize the surface state
reducing the band bending. This is usually observed as
an increase of the surface potential value (in the situation



Fig. 3. The SPV measurements of the PVK/c-Si samples using
different illumination wavelengths. Results for PVK/n-Si are
shown on a-c and for PVK/p-Si on d-f. The dashed grey lines
indicates when the light was turned on and off.
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where the sample is grounded), and thus � positive SPV.
The opposite is true in case of the downward band bending
in p-type semiconductors. In other words, the sign of SPV is
determined by the type of charge carriers separated
towards the surface [9]. We can clearly see this effect in
case of the bare c-Si substrates. To illustrate described
processes drift-diffusion simulations have been done and
are shown in the SI. Similar processes take place also under
785 nm and 488 nm illuminations, and their magnitudes.

Next, we performed the same measurements of the
samples with perovskite on top, and the results are shown
in Figure 3. In this case, the measurement of SPV is much
more complex due to the numerous possible reasons that
can result in rise of SPV, including processes occurring both
at the surface and at the interface. In a sample containing a
thin layer deposited on the surface, the energy bands are
serially connected [10,12]. Thus, SPV measured at the
physical surface of the sample, reveals information on the
nature of bulk, surface and interfacial properties and
processes of the system, which include charge carrier
recombination, accumulation, trapping/de-trapping, car-
rier decay dynamics and ionic processes [12]. The sign of
SPV of such structures will be then determined by the
dominant component (surface or interface). The surface
potential changes under illumination for PVK/n-Si are
shown on (a-c) and for PVK/p-Si on (d-f).
As explained at the beginning, in our strategy we used

different illumination wavelength to probe different regions
of the sample. Here, we can see the SPV induced by near-
infrared illumination (980 nm) that is absorbed only in
silicon. It provides us with the interface characteristics, and
we can see significant differences in the SPV depending on
the substrate doping type.When perovskite is deposited on
p-type silicon, SPV is negligible, slightly negative,
indicating little to no charge carrier separation at the
interface. On the other hand, the interface between n-Si
and PVK allows the positive carriers (holes) to move
towards the surface, where the SPV is measured, which
results in a positive sign. Some charges can be trapped at
the interface defects, which is visible as a small decrease of
the SPV a few seconds after illumination was turned
on. When the filling of defect traps has reached a steady-
state, the SPV remains constant for the remaining time of
illuminated measurements. The trapped carriers manifest
their presence by the negative peak just after turning off
the illumination. Their trap release can be observed as a
slow return to the initial value. No ionic movement is
involved here. The drift diffusion simulations of the SPV
and the band diagrams of the structures are included in the
SI to better illustrate the discussion.

According to the absorption spectra of the perovskite
(Fig. 1b), the 785 nm illumination is absorbed by
perovskite, but not very strong, so it can penetrate its
bulk and even be absorbed partially by silicon. In this case,
measured SPV will be the sum of the interface and surface
contributions, and it is negative in case of perovskite on p-
type silicon and positive in case of perovskite on n-type
silicon. More specifically, in the case of perovskite on p-Si,
the interface contribution is negligible (Fig. 3d), thus the
SPV under 785 nm is mostly originating from the
perovskite contribution, indicating a movement of neg-
atively charged carriers, either ions or electrons, towards
the surface. For PVK/n-Si, under 785 nm the SPV
magnitude is smaller and also it starts to include the
negative component of the perovskite surface. Trapping of
carriers in this case at the interface is also probably present,
as in case of 980 nm illumination, but a small ionic
component causes the SPV constantly decrease with time,
as negatively charged ions are slowly accumulating close to
the perovskite surface. Their slower movement when the
light was turned off is also seen as a much slower return to
the initial value than the 980 nm.

The blue illumination provides us with very important
information regarding perovskite surface. We can see, that
in both samples, the SPV is negative, meaning that the
surface band bending promotes the movement of negative
charge carriers towards the surface. In other words,
the results indicate significant downward band bending
at the perovskite surface regardless of the substrate doping
type. This band bending can be caused by presence of donor
states from reduced lead centres [21,23–25]. This can also
explain the fact, that the perovskite looks very n-type in
both cases, as we could see in the UPS results (see Fig. S3).

We can observe, that after illumination with 980 nm
infrared light, the surfacepotential relaxesback to its original
value within 1–2min. (Figs. 3a and 3d), meaning that the



Fig. 4. The SPV results of PVK/p-SI (a) and PVK/n-Si (b) measured by MIS technique. The top graph shows SPV phase, and the
bottom graph shows SPV amplitude.
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residualSPVvalue twominutes after the lightwas turnedoff
is then 0V. In case of 785nm illumination, two minutes are
not enough to return to the initial equilibrium value
measured in the dark (within the measurement error). We
observe residual SPV of ≈0.09V for the PVK/p-Si sample
and ≈0.04V for the PVK/n-Si sample. What needs to be
underlinedhere, is thatnomatterwhatthe initial signofSPV
was, after turning off the light there is always a remaining
negative value,which then slowlygoes toward zero.The slow
relaxation after 785 nm illumination for the PVK/p-Si
sample can be caused by the electrons generated in
perovskite that might have been left with no holes
to recombine, indicating good extraction of holes at the
PVK/p-Si interface. Moreover, the fast negative change in
SPV followed by slower change toward zero (equilibrium
value) for the PVK/n-Si sample after switching off 785 nm
illumination probably includes ionic redistribution and
accumulation in perovskite. In case of blue illumination,
the SPV residue after 2min is quite high in both samples
(0.13V for PVK/p-Si and 0.15V for PVK/n-Si), revealing
significant persistent photovoltage related to very slow
relaxation and or (semi-)permanent modification of the
surface potential.

2.3 MIS results

Next, we investigated wavelength dependence of the
surface photovoltage of the PVK/c-Si samples using
surface photovoltage spectroscopy (SPS), which is a
technique that measures the surface potential changes in
the broad range of wavelengths. This technique has been
developed in the metal-insulator-semiconductor (MIS)
configuration in AC. The goal was to complement the
KPFM-based measurements of SPV with the advantages
that offers the MIS technique, and furthermore, to analyse
PVK/c-Si materials using this operation mode, which to
our knowledge, has not been done before.

Asexplained in thepreviously, this techniquecanmeasure
simultaneously the amplitude and the phase of SPV. The
amplitude gives information about the number of separated
chargecarriers,while thephasecanberelatedtothesignof the
signal one would have under DC conditions. It also contains
information about how fast the process is [13–15].

Theresultsof theACSPSmeasurementsonthePVK/p-Si
sampleusing theMIS technique are shown inFigure 4.For the
sample PVK/p-Si we observe negligible amplitude in the sub-
band gap region, that increases sharply when the wavelength
reachestheenergygapregion.Regardingthephasechanges for
this sample, in the infrared region it is equivalent of the
negative sign of SPV in KPFM measurements.

Regarding the SPV spectra of the PVK/n-Si sample, in
the infrared region the SPV amplitude is the highest. With
the decrease of the illumination wavelength, the amplitude
decreases, reaching a value below 1mV under 500 nm
illumination. Regarding the phase, it remains all the time
between 0° and –90°, which corresponds to positive sign of
the SPV. The change of the phase when decreasing the
wavelength (increasing the photon energy) means, that the
processes causing SPV have higher phase retardation,
meaning, they occur in slower time scales.

For both samples we observe a change of the SPV phase
with the illumination from low energy to high energy
photons. This is accompanied by the change of the
absorption region, as discussed before: for the infrared
illumination only silicon substrate absorbs, while for
shorter wavelengths perovskite material adds its contri-
bution to the SPV. For highly energetic photons we must
also consider ionic effects and /or degradation processes, as
it was discussed in case of KPFM results. However, what
needs to be kept in mind is the difference of the techniques.
First, the KPFMmeasures the surface potential in the dark
and then under illumination; the SPV is obtained by
subtracting the dark potential from the one measured
under illumination. On the other hand, MIS measures
directly (and only) the changes of the surface
potential under illumination/dark. In this case, there is
a very short period of illumination followed by short time in
the dark.
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Speaking straightforward, the KPFM and MIS techni-
ques can capture the processes at the different time scales�
in KPFMwe can observe the effects of slow processes on the
SPV, butwearenotable to resolvewell fastprocesses.Onthe
other hand, AC MIS technique can provide us with
information related to the fast processes that causes SPV,
but it is not able to measure slow ones, that requires seconds
orevenminutes todevelopunderconstant illumination.This
makes the results from the two techniques not immediately
comparable, but it provides a perfectway to complement the
KPFMresultswith theadvantages of theACMIStechnique,
allowing to gain more complete picture of the processes
occurring in the sample under illumination with different
wavelengths and at different time scales.

The MIS technique is not able to measure the effects of
such slow processes, however the clockwise rotation of the
vector for PVK/n-Si indicates that under higher photon
energy illumination, the processes are slower. Thus, we can
see that as soon as perovskite starts to absorb light and
contribute to SPV, the slow processes need to be
considered. This supports further the ionic motion or
chemical creation of charged species in perovskite under
illumination, which redistribution leads to the changes in
measure SPV over the time.
3 Conclusions

Insummary,basedonthisanalysis thePVKinducesnegative
SPV, independentlyonthesubstratethat it isdepositedon. It
supports the hypothesis of the existence of the downward
band bending at the perovskite surface, that we used for the
explanation of KPFM data, and it was also observed in UPS
measurementswherethevalencebandtoFermi leveldistance
values were indicating n-type character of the PVK surface.
Downward band bending at the PVK surface was also often
reported in the literature [26–28]. The long-term effects like
ion migration or PVK surface decomposition cannot be
observed in theACMIStechniquedue tooperationmodeand
high frequencies used. Thus, by taking advantage of the
complementaryaspectoftheACMIStechnique,wewereable
to complement the information obtained from the KPFM
data and support the corresponding discussion.
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