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Photoelectrochemical (PEC) cells have emerged as a promising and sustainable route for the produc-
tion of valuable chemicals and have attracted significant attention over the last few decades. However,
photoelectrodes, essential components of PEC devices, are limited by solar-to-hydrogen conversion effi-
ciencies significantly below the theoretical values, as well as by low stability under working conditions.
An important hurdle toward achieving high efficiency is the limited number of available tools that can
directly probe the interplay between the local morphology and charge carrier transport dynamics within
the photoelectrode top layer. This layer has different functions: providing photocatalytic active sites and
protecting underlying layers. Therefore, the development of a powerful technique to reveal the influence of
morphology on transport dynamics is crucial. In this work, we show how to precisely correlate local mor-
phology with optoelectronic properties via the investigation of photoinduced charge transport processes,
by time-dependent Kelvin probe force microscopy (KPFM) measurements. Our approach allows the
extraction of time-dependent photovoltage for each pixel of a KPFM scan. We used crystalline-amorphous
mixed phase TiO2 as a well-established model system to apply and validate our method. Through local
correlations between structure-morphology and optoelectronic properties, our results reveal more effi-
cient photoinduced charge separation on the regions corresponding to the crystalline TiO2 phase, which
exhibit faster transport, and generate a significantly higher surface photovoltage signal (approximately
440 mV) upon UV illumination (super-band-gap illumination). This finding supports the considerable role
of microstructure in charge carrier dynamics, and the ability of our analytical method to resolve it. The
analysis technique outlined here should find broad applicability, enabling in-depth insight into the effect
of local microstructure, and contributing to the design and development of more efficient photoelectrodes
by tailoring of the microstructure at the nanoscale.

DOI: 10.1103/PRXEnergy.4.023010

I. INTRODUCTION

Photoelectrochemical (PEC) cells are devices that har-
ness solar energy and directly use it to drive chemical
reactions, such as splitting water into hydrogen and oxy-
gen [1–3] or converting CO2 into valuable chemicals [4,5].
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In these devices, semiconductor materials absorb sun-
light, generating electron-hole pairs that drive oxidation
and reduction reactions at electrode/electrolyte interfaces
[6–8]. However, challenges such as the limited efficiency
and stability of current materials present hurdles for com-
mercialization of these technologies [9,10]. Therefore, a
large fraction of the research efforts is focused on devel-
oping efficient photoelectrodes, increasing stability, and
reducing costs [11–14] to make PEC cells viable and scal-
able solutions for sustainable fuel production, paving the
way for a future with clean energy. Despite extensive
research on designing macroscopically efficient photoelec-
trodes, there is limited information available to answer
the question of how the microstructure influences charge
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carrier transport within the conductive protective pho-
toelectrode top layer, where the separated charges need
to reach the electrolyte interface and drive photoelectro-
chemical reactions. This is due to the limited number of
available powerful methods to investigate and resolve the
interplay between the microstructure and charge carrier
transport dynamics down to the nanoscale. Therefore, it is
vital to develop effective techniques to enable researchers
to precisely investigate intrinsic light-induced properties
and particularly the role of microstructure in charge car-
rier transport, which considerably affects the macroscopic
performance of the device.

Kelvin probe force microscopy (KPFM) is a scan-
ning probe method that enables the measurement of
local surface potential with spatial resolution down
to the nanoscale. When combined with illumination,
KPFM allows nanoscale photovoltage measurements. For
instance, Fuchs et al. [15] have acquired maps of regions
of interest on organic photovoltaic blends, both in the dark
and under illumination. By taking the difference between
these maps, they generated surface photovoltage (SPV)
maps. Other studies have demonstrated the use of KPFM
with modulated illumination to capture either the tran-
sient behavior or the spectral response at a single point of
interest on the sample surface[16–18]. To measure tran-
sient behavior across an entire region of interest (ROI),
each point must typically be measured one after another.
Alternatively, by repetitively scanning the ROI, one can
generate transients for each point, with a sampling rate
determined by the frame rate of the mapping. In the first
approach, accurately estimating time constants at any point
of interest requires that the signal be tracked until it has
completely decayed. Otherwise, fast-decaying components
may dominate the signal, while slower components may
be missed entirely (for a discussion of fast and slow SPV
states, see Ref. [19]). As a result, this method is generally
limited to measuring short time constants.

In contrast, repetitive mapping of the entire ROI requires
only that a series of maps be acquired until the signal has
decayed once. A variation of this approach was presented
by Escasain et al. [20], where each scan is performed
successively with and without illumination. However, this
method is limited to samples with time constants short
enough to allow the SPV signal to fully decay between the
first scan and the second scan. If it does not, only part of
the signal is captured, and the increasing off-time during
the second scan can lead to an apparent rise in the SPV
signal within a single scan line.

To increase the sampling rate, Checa et al. [21] pro-
posed sparse scanning KPFM, which achieves frame rates
of several frames per second by scanning the area of
interest with reduced measurement point density, fol-
lowed by image reconstruction using Gaussian processing.
While this method significantly increases the measurement
speed, it also reduces the spatial resolution and introduces

artifacts that are independent of the number of cycles.
This limits its effectiveness, especially when the dynamic
phenomena of interest occur at length scales close to the
instrument’s resolution limit.

In this work, we present a method that can be imple-
mented with any standard KPFM system, without the need
for additional hardware. It takes advantage of the fact that
any ROI defined by the same physical properties must
exhibit the same transient behavior. This characteristic
allows a sampling rate not in the second range, but in the
millisecond range.

We developed this analytical method to gain in-depth
insight into the dependency of charge carrier dynamics on
microstructure, obtained by KPFM and Kelvin probe (KP)
methods. We used TiO2 as a useful model system to apply
and validate the effectiveness of our method. TiO2 has
attracted significant attention due to its favorable proper-
ties, such as high chemical stability, low cost, and excellent
photoactivity [22–25]. The top layer of photoelectrodes
is usually covered by a TiO2 thin film grown by atomic
layer deposition (ALD) to protect underlying layers from
corrosion under harsh PEC conditions [26–28]. However,
this layer should also act as an efficient charge transport
layer to facilitate the driving of electrochemical reactions
at the surface [29]. Therefore, this material is a useful
platform for our intended investigations on the microstruc-
ture, since microstructure plays a critical role in affecting
charge transport within semiconductor materials by factors
such as crystallinity [30], grain and facet boundaries [31],
and defects [32]. These parameters considerably affect the
diffusion and recombination rates of charge carriers. Con-
sequently, tailoring the microstructure of photoelectrodes
is a strategic approach to enhance charge carrier trans-
port and, eventually, increase the overall efficiency of PEC
devices.

We used the KP method and KPFM to obtain the
required charge carrier dynamics data. The KP method
is widely used to measure surface photovoltage, which
is an indication of charge carrier separation efficiency.
It operates by nullifying the light-induced change of the
potential difference between the sample and the reference
electrode with an external voltage [33]. KP measurements
provide valuable information about the charge carrier
dynamics, including separation, transport, and recombi-
nation of charge carriers [29]. KPFM complements the
KP method by providing nanoscale insight into the local
electronic properties of surfaces. This technique allows
the mapping of surface potential variations with high
spatial resolution, enabling the correlation of microstruc-
tural features with charge transport behavior [34]. The
combination of the KP method and KFFM offers a pow-
erful method to investigate charge carrier dynamics in
photoelectrodes. X-ray diffraction was used to confirm
the nature of microstructural features in the analyzed
samples.
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Here we demonstrate how we can gain information
about charge carrier dynamics in mixed-phase (crystalline-
amorphous) TiO2 samples by following the light-driven
evolution of the surface potential by KPFM maps. Our
method can precisely extract the full temporal resolution
available in the KPFM results and reveal a more effective
charge carrier separation through the regions correspond-
ing to crystalline TiO2, which not only showcases the
significant effect of microstructure on the optoelectronic
properties but also demonstrates the effectiveness of our
method to resolve these underlying phenomena at the
nanoscale.

While TiO2 represents a model system to test the feasi-
bility of our approach, the method developed in this work
can be directly implemented for other promising material
systems and thus provides a useful tool for researchers
working on understanding and developing more-efficient
and more-sustainable energy conversion systems.

II. RESULTS AND DISCUSSION

A. Microstructure characterization

Thermal ALD (see Sec. IV) was used to obtain a series
of TiO2 coatings at increasing synthesis temperatures.
As evidenced by Raman spectroscopy and x-ray diffrac-
tion (Fig. S1 in Supplemental Material [44]), the films

synthesized at 180 °C are fully amorphous. As the tem-
perature increases, crystalline inclusions of anatase TiO2
grow within the amorphous phase, and beyond 260 °C
the films are fully crystalline. The sample synthesized at
220 °C was chosen as a model system for analysis in
this work. This sample features a mixed-phase structure,
including crystalline TiO2 (anatase, see Fig. S1 in Sup-
plemental Material [44]), embedded within an amorphous
TiO2 matrix. This observation is supported by the topogra-
phy images obtained by atomic force microscopy (AFM)
shown in Figs. 1(a) and 1(b). This morphology is espe-
cially useful as a model system because of the presence
of both crystalline and amorphous regions with a width of
several hundred nanometers. While AFM is able to finely
resolve the crystalline features on the surface of the sample
[35], a portion of crystallites remains buried beneath the
surface, as evidenced by transmission electron microscopy
[TEM; see Figs. 1(c), 1(d), and 1(e)]. We observed similar
anatase inclusions in our previous studies on mixed-phase
TiO2 thin films obtained by plasma-enhanced ALD (see
Fig. S2 in Supplemental Material [44]) [29]. As the top-
most layer of a photoelectrode, this thin film has a dual
function. It serves as a protective layer as well as a conduc-
tive layer. Under super-band-gap illumination it absorbs
light, generates electron-hole pairs, and facilitates the sep-
aration of holes toward the surface and electrons toward

(a) (b)

(c) (d) (e)

FIG. 1. (a),(b) AFM high-resolution topography of mixed-phase TiO2 at different magnifications. (c),(d) Surface TEM image of an
anatase crystallite embedded in an amorphous matrix. (e) Cross-section schematic of charge transport across the microstructure of the
deposited film.
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the back contact. Charge separation in these layers is facil-
itated by the space charge region at the surface and by the
heterojunction at the contact with the Si substrate [36].
This effect contributes to driving electrochemical reac-
tions, such as water oxidation, at the electrode/electrolyte
interface, as schematically illustrated in Fig. 1(d).

The microstructure substantially influences charge car-
rier transport within the layer, significantly affecting the
macroscopic photoelectrochemical performance of the
device. To understand the processes involved in the charge
carrier transport at both the macroscopic and the micro-
scopic scales, KP measurements and KPFM can be used as
complementary techniques, with KP measurements allow-
ing a higher signal-to-noise ratio and KPFM providing
high spatial resolution.

B. Measurements of charge carrier dynamics

1. KP measurements

Surface photovoltage analysis by KP measurements is
an established method to study overall charge carrier
dynamics over the entire sample. Particularly, it gives
insights into fast and slow charge carrier dynamic pro-
cesses within the bulk of materials over long periods [33].
To analyze the photoinduced charge separation, we per-
formed contact potential difference (CPD) measurements
on TiO2 model samples with and without illumination. The
different contributions to the SPV signal originating from
distinct charge carrier transport processes were obtained
by our fitting the experimental data with a sum of expo-
nential functions. The fit was performed separately for
the different measurement phases in both dark and illumi-
nated conditions with two and three exponential functions,
respectively (see Sec. II A in Supplemental Material [44]
for further details). Fast processes are characterized by
a steep slope, and slow processes are characterized by a
gentle slope. Detailed extracted amplitudes and time con-
stants related to these processes are reported in Table I.
During the illumination (excitation) phase, fast processes
occur with characteristic times within the 10 s range, while
slow processes show characteristic times of hundreds of
seconds (344–371 s). With light OFF during the relaxation
phase, fast processes occur with characteristic times in the
tens of seconds range (26–29 s), whereas slow processes

occur with characteristic times on the order of hundreds of
seconds (334–423 s).

By studying electrodes prepared with TiO2 nanoparti-
cles, Henning et al. [34] observed similarly long (seconds
to minutes) overall relaxation times. They attributed these
values to the high relative permittivity of TiO2, which acts
as the dielectric in a capacitor. They fitted their experi-
mental data with the sum of two exponential functions,
corresponding to a slow component and a fast component.
The slow component was attributed to electron diffusion
across the TiO2 network toward the back contact, a slow
process due to trapping and detrapping in surface and
bulk defect states. The fast component was attributed to
recombination processes within single particles.

To resolve and distinguish these fast and slow pro-
cesses on our model system, and assign them to different
regions of the samples, a technique with high spatial res-
olution is required. This information can be provided by
KPFM, a powerful complementary technique that corre-
lates topographic features with underlying local charge
carrier dynamics with nanoscale resolution.

2. KPFM measurements

For KPFM measurements, a region of the sample was
scanned continuously in the initial dark conditions for
60 min, followed by scanning under illumination for
70 min and finally in the dark for 80 min, to follow the
evolution of the surface potential over time.

The result is a series of consecutive surface potential
maps. By one defining regions of interest, surface poten-
tial transients can be extracted for specific locations on the
surface of the sample.

Two methods were used for the analysis of the experi-
mental data: the “manual” method is straightforward, but
requires averaging over regions of space and time, and
hence does not use the full resolution of the measure-
ment; the “automated” method allows full utilization of
the information contained for each pixel within the KPFM
maps.

The following sections describe the implementation of
each of these methods. Further details are given in Sec. II B
in Supplemental Material [44].

TABLE I. Amplitude A and time t characteristics of fast, slow, and intermediate processes extracted from the SPV signal. The error
values reported correspond to the precision of the fitting. The fit describes the average CPD curve for a given ROI [see Fig. 2(a)].

Phase Af (mV) As (mV) Ai (mV) tf (s) ts (s) ti (s) UCPD,0 (mV)

Initial −15 ± 0.09 −126 ± 0.09 682 ± 42 4314 ± 142 −51.34 ± 0.05
ON 1 238 ± 0.3 −135 ± 0.4 53 ± 0.4 93.6 ± 0.3 3339 ± 266 884 ± 65 141.2 ± 0.3
OFF 1 −78 ± 0.2 −178 ± 0.2 256 ± 1 3341 ± 14 −75.3 ± 0.3
ON 2 188 ± 0.6 −78 ± 0.5 32 ± 0.5 91.8 ± 0.4 3706 ± 132 465 ± 17 99 ± 2
OFF 2 0.15 ± 0.005 −108 ± 0.4 286 ± 2 4227 ± 18 −116.0 ± 0.4
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3. Manual analysis of consecutive KPFM maps

KPFM enables imaging of the CPD between the AFM
probe and the sample, and simultaneous acquisition of the
corresponding topography [Figs. 2(a) and 2(b)]. Consecu-
tive measurements in both dark and illuminated conditions
enable nanoscale determination of the light-induced CPD
shift (�UCPD). The shift in contact potential difference
induced by illumination is of the same value, but oppo-
site sign, as the surface photovoltage: USPV = −�UCPD =
−(CPDlight − CPDdark). Such measurements provide infor-
mation on the spatial separation of charge carriers, which is
limited also by electron-hole pair recombination and which
can therefore indicate enhanced photocatalytic activity
[37]. To analyze our data, we identified regions of inter-
est that showed the presence of crystalline and amorphous
features [Figs. 2(b) and 2(c)]. We performed a series of
23 time-dependent KPFM measurements (m1–m23) in the
dark and under illumination. On the representative poten-
tial map under the initial dark condition [m7, in Fig. 2(b)],
regions corresponding to the crystallites look more blueish
than the amorphous matrix, indicating that crystallites have
initially more positive CPD than the amorphous compo-
nent. The average CPD for the whole potential map is
approximately −236 mV, as seen from the correspond-
ing data histogram. Upon illumination (m8), the surface
potential shifts significantly toward more negative values
and crystalline regions look more reddish than the amor-
phous matrix, evidencing a more negative surface potential
on these areas. Under illumination (m8), several peaks
appear in the data histogram, which can be attributed to
different regions of the sample shifting at different rates
toward negative values. The fastest-changing peak (on the
left) has its maximum at around −656 mV, highlighting
a high negative CPD shift corresponding to high positive
surface photovoltage (USPV = −�UCPD). This is assigned
to mostly crystalline regions, where defect density is lower
and mobility higher. The slowest-changing peak (on the
right) is assigned to mostly amorphous areas, with higher
defect density and correspondingly lower mobility, show-
ing an average CPD of −261 mV, and generating a small
SPV amplitude. A negative CPD shift under illumination
(positive SPV signal) is an indication of separation of holes
toward the surface, or of electrons toward the back con-
tact, or both these processes concomitantly [38]. Under
super-band-gap illumination, a separation of holes toward
the surface is evidence of the n-type behavior of TiO2.
The amplitude (magnitude) of the CPD shift (equal to the
magnitude of the photovoltage, since |�UCPD| = |USPV|)
is a measure of the charge carrier separation efficiency
[39]. In n-type TiO2, electron-hole pairs can be gener-
ated under illumination with ultraviolet light wavelengths.
Majority charge carriers are trapped in surface states, lead-
ing to band bending, and consequently to a reduced density
of majority charge carriers in the vicinity of the surface
in comparison with the bulk value, and resulting in a

(a)

(b)

(c)

FIG. 2. (a) CPD transients of TiO2 obtained by Kelvin probe
measurements in the dark and under illumination, showing fast
and slow processes contributing to the CPD signal. (b),(c) Analy-
sis of consecutive KPFM measurements obtained in the dark and
under illumination, and manual analysis of the time dependence
of the potential. (b) Manually defined regions of interest based on
topography, and examples of potential maps before, during, and
after illumination. (c) Extracted CPD transients for each manu-
ally defined ROI over time. m, KPFM measurement (potential
map).

space charge region (SCR). This is also called a “deple-
tion region” due to the reduced density of majority charge
carriers in comparison with the density of fixed charge
due to ionized dopants. For n-type semiconductors, elec-
trons are captured by surface states and an upward band
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bending occurs, in conjunction with the formation of a
built-in electric field over the SCR, with direction from the
bulk to the surface, due to the net negative charge at the
surface and net positive charge in the SCR. Upon illumi-
nation, photogenerated electron-hole pairs are separated by
the charge density gradient in the SCR. In the SCR of an
n-type semiconductor, photogenerated electrons and holes
are transported toward the bulk and the surface, respec-
tively, and therefore the net surface charges are reduced.
In other words, the surface potential barrier or surface
upward band bending is reduced and the surface poten-
tial increases. The change of the surface potential results
in a positive SPV signal (negative CPD shift) [36]. The
SPV corresponds to the reduction in band bending, the
energetic difference between quasi-Fermi-levels of elec-
trons and holes (EFn and EFp) [40]. Due to the higher
local and longer-range order in more-crystalline regions,
scattering is minimized, resulting in fast carrier transport
processes and the generation of SPV (�UCPD) signals of
higher amplitude. This translates into higher charge carrier
separation efficiency, in agreement with previous studies
[41,42].

To follow the evolution of surface potential over time,
based on a series of measurements (m1–m23) performed
in the dark and under illumination, the time dependencies
of the SPV signals of different manually defined regions
of interest (ROI 1, ROI 2, ROI 3 and ROI 4) were recon-
structed [Fig. 1(b)]. Regions corresponding to crystalline
phase (ROI 1 and ROI 2) generate a fast negative CPD
shift with a steep slope and high SPV amplitude com-
pared with the amorphous regions (ROI 3 and ROI 4),
which exhibit a slow process (gradual slope) and low
SPV amplitude. A positive SPV signal can also be viewed
as resulting from accumulation of holes [43]. The entire
surface generates positive SPV signals with different sig-
nal amplitudes. Therefore, crystalline surfaces accumulate
higher densities of photogenerated holes in comparison to
amorphous regions. Hence, crystalline areas offer higher
densities of holes for driving oxidation reactions at the
surface.

Note that since crystallites are embedded in an amor-
phous matrix, the observed SPV transients may also
contain a partial contribution from diffusion of charge
carriers, driven by charge density gradients at the homo-
junctions (phase junctions) between the walls of the
crystalline inclusions and surrounding amorphous TiO2
regions. While we observe charge trapping at the phase
junction interface, we do not observe increased charge sep-
aration. The highest potential shift is observed within the
crystallites, and not at the boundaries with the amorphous
regions. There is no indication that band alignment at this
junction is beneficial. This point is discussed further in the
next section.

The study of mixed-phase samples in successive dark
and illumination conditions showcases the power of KPFM

to correlate topography with surface potential, and to
investigate the charge carrier dynamics with high spatial
resolution.

4. Automated analysis of consecutive KPFM maps

To optimize the manual analysis and more precisely
correlate surface potential with the topography, a robust
technique was developed in this study. The following is a
description of the method (additional details are provided
in Sec. II B 2 in Supplemental Material [44]).

A surface potential map, obtained during the last mea-
surement under continuous illumination and after the
steady state had been reached, was used as a reference to
generate several regions of interest [Fig. 3(a)].

The histogram for this reference image is used to define
the “masks”: that is, the sets of pixels that will be analyzed
for each ROI. On the basis of the data histogram [Fig. 3(b)]
extracted from the reference image in Fig. 4(a), we iden-
tified eight peaks. The CPD range in which a given peak
in the histogram is dominant (see Supplemental Material
[44]) determines the pixels on the CPD map that constitute
the mask assigned to that peak, defining the ROI of that
peak. Note that, in this way, regions of interest are defined
as ranges on the data histogram for the reference surface
potential map. The actual pixels corresponding to that ROI
(its mask) are fixed for the rest of the analysis by their
value on the reference map and not by their coordinates,
as would be the case in the “manual” method described in
the previous section.

Figure 3(c) shows overlays of the reference surface
potential map on the topography map, with masks cor-
responding to different regions of interest. By analyzing
the identified regions of interest in all images in the series
[Fig. 3(c)], we extracted the surface potential for each pixel
of each ROI. Subsequently, we plotted each CPD value as a
function of the acquisition time for that pixel. This is pos-
sible because a time stamp can be obtained for the CPD
values for each pixel, of each ROI, in each map. The result
gives information about the evolution of the surface poten-
tial for the identified regions of interest, taking advantage
of the time resolution given by the sampling rate of the
KPFM measurement and stored in the potential map data
[Fig. 3(d)].

In this way, we can derive the changes in CPD of dif-
ferent regions of the samples in the dark and under illumi-
nation. Starting from a steady-state CPD value in the dark
that is similar for all the regions of interest, illumination
generates CPD transients with different length amplitude
and slope steepness, depending on the ROI under exam-
ination. Subsequently, when light is turned off, a second
transient with a different slope is formed with a CPD value
similar for all the regions of interest.

For the model system investigated here, on the basis of
the magnitude and the slope of the photovoltage (�UCPD
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(a)

(c) (d)

(b) FIG. 3. Extraction of photovoltage
transients from consecutive potential
maps by the automated method (see
the text for details), with the use of
the full temporal resolution provided
by the KPFM measurements. The
fluctuations [(d)] are not related to
measurement sensitivity, but instead
correspond to the potential range
under each peak in the histograms
identified in (a) for the definition of
the regions of interest (see the text for
details).

shift) transients extracted, three main categories of sur-
face regions may be identified: mostly amorphous (ROI 6,
ROI 7, and ROI 8), mixed crystalline and amorphous
(amorphous layer covering a hidden portion of crystallites
underneath; ROI 3,ROI 4, and ROI 5), and mostly crys-
talline (ROI 1 and ROI 2).

Figure 4 shows schematic band diagrams for the crys-
talline and amorphous TiO2 phases in conditions with
and without illumination, as well as a schematic cross
section of the mixed-phase TiO2 thin films. Under illumi-
nation, predominantly amorphous regions exhibit slower
charge carrier separation and a low SPV (�UCPD shift)
amplitude in comparison with the crystalline regions. This
behavior is attributed to higher defect densities in the dis-
ordered structure of the amorphous phase [41] leading to
charge trapping and increased recombination in compar-
ison with the crystalline phase. Regions of mixed phase
show intermediate relaxation times to reach the steady
state, and moderate SPV signal amplitudes. An example
of this is locations within the crystallite but at a distance
less than the minority carrier diffusion length, in the imme-
diate vicinity of the amorphous crystalline homojunction.

Regions corresponding to mostly crystalline phase show
the fastest process with the highest resolved SPV (�UCPD
shift) amplitude (approximately 440 mV). This behav-
ior is attributed to the ordered structure of crystallites
[41], which facilitates faster charge carrier transport. Thus,
because of the higher and longer-range order of the crys-
talline regions compared with the amorphous material, the
closer to the crystallites, the faster the processes, and the
further away from the crystallites, the slower the processes.

A more detailed examination of the photovoltage tran-
sients reveals additional complexity. For instance, in
ROI 8, the CPD follows a simple exponential decay. In
contrast, ROI 1 exhibits a more complex behavior, with
recovery that includes a fast decay and an additional
slower signal contribution with an opposite trend, indi-
cating an opposite direction of charge separation. This
behavior is attributed to the movement of electrons toward
electron-trap states at the crystallite surfaces. It is worth
noting that this process might also occur in the amor-
phous regions. However, the similarity of time constants
makes it challenging to analytically distinguish it from the
slow hole diffusion process. Regarding the phase junction
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(b)

(a)

FIG. 4. (a) Schematic band diagrams for crystalline and amor-
phous regions of TiO2, in dark conditions and under illumination.
(b) Cross-section schematic model of a TiO2 crystallite embed-
ded in an amorphous TiO2 matrix. See the text and Supplemental
Material [44] for additional details. CB, conduction band; VB,
valence band.

between the walls of the crystalline inclusions and the
surrounding amorphous TiO2 regions, as discussed in the
previous section, we do not observe increased lateral
charge separation. If electrons and holes were separated
at the junction, with electrons moving toward the crys-
talline phase and holes toward the amorphous phase, we
would expect a different distribution of charge density.
Specifically, the density of trapped holes in the amor-
phous phase near the junction would decrease, leading
to a smaller light-induced change in the CPD compared
with that in amorphous regions farther from the junction.
Conversely, in the crystalline phase near the junction, the
light-induced CPD change would increase relative to that
in crystalline regions farther away. However, our mea-
surements contradict this expectation. The amorphous and
crystalline phases closest to the junction exhibit, respec-
tively, the strongest and the weakest light-induced CPD
changes within their respective phases. This might mis-
leadingly suggest that electrons and holes are instead
separated toward the crystalline and amorphous phases,
respectively. However, the positive signal component in
the transients associated with the crystalline phase under
illumination remains consistent, regardless of the distance
from the phase junction. This consistency indicates that
electron traps at the crystalline surface are the dominant
contributors to the signal. This observation also explains
the increased light-induced CPD change in the amorphous
phase surrounding an exposed crystallite. It is reason-
able to assume that additional crystalline material lies

buried beneath the amorphous layer, trapping electrons
from the adjacent amorphous phase. It is important to note
that the TiO2 layer thickness is only about 1% of the width
of the measured maps, which must be considered when one
is interpreting these results.

While these findings suggest that surface trapping and
band bending dominate the observed behavior, they do
not entirely exclude the possibility of beneficial charge
alignment at the phase junction interface. Since our mea-
surements capture the surface potential, all we can con-
clude is that surface-level trapping and band bending are
the primary phenomena at play. Further semiquantitative
observations of the photovoltage transients obtained can
be used to obtain more detailed but preliminary interpreta-
tions, to be verified by complementary analysis. These are
summarized in Supplemental Material [44].

Microstructure has a profound influence on the dynam-
ics of charge carriers, and the mostly crystalline phase
exhibits more efficient charge carrier separation and ulti-
mately enhanced macroscopic photoelectrochemical per-
formance. The method for KPFM data masking and pixel
tracking demonstrated here enables a full use of the time
resolution available within potential maps, enabling a
more detailed analysis of photovoltage evolution at the
nanoscale.

III. CONCLUSION

In this work, we have outlined an analysis method to
extract the full temporal resolution available in the KPFM
maps. For the model samples studied here, our findings
showcased the higher efficiency of photoinduced charge
separation on the mostly crystalline TiO2 phase, marked
by a rapid and considerably high surface photovoltage
signal (approximately 440 mV) upon UV illumination.
Conversely, regions corresponding to the mixed phase
and mostly amorphous material exhibited intermediate and
slow processes with low SPV amplitude, respectively, due
to disordered microstructure and higher defect density of
the amorphous phase, which serve as charge carrier recom-
bination centers. This approach to follow the evolution of
surface potentials, within different regions of the sample
over time, facilitates the extraction of localized CPD tran-
sients, revealing the influence of material microstructure
on charge transport dynamics across different regions.

The comprehensive analysis technique demonstrated
here can provide valuable insights into the correla-
tion between microstructure and surface potential. It
constitutes a powerful tool for researchers focused on
understanding and developing efficient photoelectrodes
through microstructure engineering at the nanoscale.

IV. METHODS
A. Synthesis

TiO2 thin films were deposited on highly doped n-type
silicon wafers (5 m� cm, Siegert Wafer GmbH) by
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thermal atomic layer deposition in an R-200 ALD reactor
(Picosun). The films were synthesized at 220 °C, with
the use of TiCl4 [electronic grade (99.9999%), Dock-
weiler Chemicals GmbH] and ultrapure H2O (resistivity
18.2 m� cm) as titanium- and oxygen-containing pre-
cursors, respectively. For the synthesis temperature used,
2000 cycles resulted in a film thickness of approximately
70 nm.

B. Characterization

1. AFM topography

AFM measurements were performed with a Bruker
Dimension ICON atomic force microscope. High-
resolution topography images were obtained in PeakForce
Tapping mode with PEAKFORCE-HIRS-SSB probes
(Bruker) with nominal tip radius of 1 nm, spring con-
stant of 0.12 N/m, and resonance frequency of 110 kHz.
The peak force set point was approximately 1.2 nN. With
the PeakForce Tapping mode, the probe-surface contact is
very brief, minimizing tip degradation.

2. AFM–photo-KPFM

KPFM measurements were obtained with Bruker’s
PeakForce KPFM mode. For each scan line, PeakForce
Tapping mode was used for acquisition of the topography,
and subsequently the probe was lifted (to a lift distance),
and frequency-modulated KPFM was used for the poten-
tial measurement, with the KPFM bias contact connected
the sample.

Highly doped silicon nitride probes (PFQNE-AL,
Bruker) with a nominal tip radius of 5 nm, spring con-
stant of 0.8 N/m, and resonance frequency of 300 kHz
were used. The peak force set point was approximately
2.2 nN. The lift height during the potential measurements
was 50 nm. This value was found on preliminary scans at
decreasing lift heights to be a good compromise between
noise/artifacts and spatial resolution of the potential mea-
surements for the probe type used and the samples under
study. Drive routing was set to “sample” (with this con-
figuration, the CPD of an n-type semiconductor shifts to
more negative values under illumination). Samples were
illuminated with a fiber-coupled light-emitting diode light
source (Thorlabs M365FP1) with a nominal wavelength
of 365 nm, and the fiber-optic angle of incidence was set
to 8°.

The complete measurement series (dark-light-dark) was
performed on the same day (with a total duration of 3.5 h),
with the same probe. The hard material of the probe and
sample, and the use of PeakForce Tapping mode ensure
negligible tip degradation. Furthermore, the roughness in
the topography map was unchanged between the first mea-
surement and the last measurement, and no morphology

changes were observed on the topography scans. Addition-
ally, we observed no abrupt change in the CPD values dur-
ing the measurement series. These considerations exclude
any significant change of the tip by either degradation or
contamination with particles.

Our measurements were performed in ambient con-
ditions, with the relative humidity of the room kept
at 30%–45%. The humidity sensor, positioned within
the AFM enclosure, showed a constant value of around
20%–30% (the AFM enclosure was kept closed for the
duration of the experiment).

The potential of the surface can be affected by the pres-
ence of a layer of adsorbed water. For absolute work
function measurements, operation under ultrahigh vacuum
conditions would be necessary [45]. However, even under
those conditions the surface potential on TiO2 has a signif-
icant contribution from the surface-induced dipole, arising
due to chemical interaction between the tip and the surface
[46]. Furthermore, while the work function of the probe
can be calibrated by one measuring a reference sample,
such as a gold surface, the work function of Au changes
by about 0.5 eV over a few weeks of exposure to ambient
air [47].

In the method presented here, however, we do not
attempt to obtain values of the work function of the sam-
ple. Instead, we are interested in the variations in the
local potential, as a function of the local sample compo-
sition, and, as a result, of the change in the illumination
conditions, in order to reveal local carrier dynamics.

Furthermore, nonvacuum conditions have been consis-
tently used in KPFM investigations of photocatalytic and
photoactive materials for photoelectrochemistry [31,48,
49]. In addition, a recently published review recommends
constant ambient relative humidity [50].

Allowing for the presence of a water film better approx-
imates the operating conditions of a material used as a
protection layer in a photoelectrochemical cell. For exam-
ple, using density functional theory simulations, Litke
et al. [51] showed that for the case of anatase (101) facets,
hydrogen bonding with adsorbed water stabilizes surface-
trapped holes localized on surface oxygen atoms, lower-
ing hole migration barriers. Under operation, this would
increase charge carrier mobility, suppressing electron-hole
recombination. Furthermore, through hydrogen bonding
this adsorbed layer determines the configuration of water
in the vicinity of the surface, directly impacting the water
splitting rate [52].

3. Kelvin probe measurements

Kelvin probe measurements were performed in the dark
and under illumination with a Kelvin probe S and a Kelvin
controller (Besocke Delta PHI GmbH). The measurement
regime consisted of an initial 60 min relaxation period in
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the dark followed by repeated light ON-OFF cycles consist-
ing of a 70 min illumination phase followed by an 80 min
phase without illumination. The illumination of the sam-
ple was arranged by our selecting light with a wavelength
of 365 nm using a prism monochromator (Zeiss M4 QIII),
and a xenon lamp (XBO300) as a light source.

4. KPFM analysis

A series of consecutive KPFM scans was performed on
the sample, under conditions changing from dark to under
illumination and back to dark.

For a sample area common to all scans in the series, the
CPD map from the last scan under illumination was used
to define regions of interest on the basis of peaks fitting
the histogram of the CPD data. For each pixel within each
ROI, the CPD data were extracted from all measurements
in the series, and time values for each pixel were assigned
with respect to the beginning of the first measurement. The
collected data were used to plot surface potential transients
for each ROI. See the main text and Supplemental Material
[44] for a full description of the method.

5. TEM morphology

The nanostructure of the sample and the phase infor-
mation were characterized by means of a Talos F200X
transmission electron microscope (Thermo Fisher Scien-
tific, Netherlands). The TiO2 thin film grown by ALD
was deposited on a silicon nitride membrane with a thick-
ness of 15 nm and investigated by high-resolution TEM at
200 keV in bright-field mode.

C. X-ray diffraction and Raman spectroscopy

X-ray diffraction was performed in a D8 DISCOVER
diffractometer (Bruker) under a grazing incidence angle
of 1.0° with a Cu Kα source and with the use of a scin-
tillation detector. Raman spectra were obtained with an
alpha300 R confocal Raman microscope (WITec) with a
laser excitation wavelength of 532 nm at a nominal power
of 15 mW. The Raman scattered light was analyzed in
a UHTS 300 spectrometer (WITec) with a Peltier-cooled
charge-coupled device detector.
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