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Abstract

The pattern-illumination time-resolved phase microscopy (PI-PM) method is a technique used to study 

the microscopic charge carrier dynamics in photocatalytic and photovoltaic materials. The method 

involves illuminating a sample with a pump light pattern, which generates and decays charge carriers 

due to trapping, recombination, and transfer processes. The distribution of photo-excited charge 

carriers is observed through refractive index changes using phase-contrast imaging. In the PI-PM 

method, refractive index change is selectively monitored by adjusting the focus position and enhance 

sensitivity to the phase change of photo-excited charge carriers, providing the observation of non-

radiative processes, such as charge diffusion, trapping to defect/surface states, and interfacial charge 

transfer of photocatalytic and photovoltaic reactions. The quality of the image sequence is recovered 

using various informatics calculation. Categorizing and mapping different types of charge carriers 

based on their response profiles using clustering analysis, provides spatial information on charge 

carrier types, and the identification of local sites for efficient and inefficient photo-induced reactions, 

providing valuable information for the design and optimization of photocatalytic materials such as the 

cocatalyst effect.

Keywords: photocatalyst, titanium oxide, hematite, bismuth vanadate, strontium titanium oxide, time-

resolved microscopy, perovskite, image recovery, clustering, charge carrier dynamics
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1. Introduction

The global demand for solar devices has been increasing due to their potential to vastly exceed human 

energy needs. Focus is on affordable, easily processed solar cells 1–3 like perovskite 4–6 and sensitized 

solar cells 7–9, as well as photocatalysts used for decomposing pollutants 10–12 and splitting water into 

oxygen and hydrogen. 13–17 Various materials, including oxides and sulfides (e.g., TiO2, Fe2O3, Cu2O, 

PbS, CdS, CdSe)18, and structures (rods, tubes, inverse opal structures) are employed to enhance 

surface area and charge carrier transport. 19

In photovoltaic and photocatalytic devices, oxide and sulfide semiconductor particles are crucial 

for generating photo-excited carriers, and for charge transport and separation. The effectiveness of 

these devices depends on efficiently separating and utilizing photo-excited charge carriers, while 

minimizing loss due to recombination or trapping.20 For example, in water splitting photocatalytic 

systems, these carriers are used in reduction and oxidation reactions for hydrogen and oxygen 

generation. Understanding and improving the lifetime and transport properties of these carriers is 

essential for enhancing device efficiency and preventing recombination.

However, only the measurements of lifetime and transport properties cannot solve the issues due 

to the complexity of the materials' structures. Unlike single crystals, which can be easily referenced 

from literature for their physical properties like lifetime and mobility, the layers in photo-devices are 

often porous and rough, made from nanoparticles.17,21 This results in millions of interfaces, aggregates, 

cracks, and scratches at various scales on a macroscopic scale, significantly affecting charge carrier 

behavior. Various photocatalytic materials show multi-order exponential decay of photo-excited 

charge carriers from femtoseconds to milliseconds, such as TiO2,22–25 SrTiO3,26,27 BiVO4,28 WO3,29 

and Fe2O3.30–32

In photocatalytic applications using particulate haggregates of semiconductor particles, the film 

surfaces and interfaces composed of these particles lead to various lifetimes of charge carriers due to 

trap states. This trapping and decay cause a reduction in energy and reaction efficiencies for 

photovoltaics and photocatalysts due to recombination and deactivation. The dynamics of charge 

carriers in these particulate films are markedly different from those in crystalline forms. For instance, 

while a single-crystalline TiO2 exhibits a single exponential decay33, particulate films show multiple 

different decays over various time scales,22,34–37 indicating a complex and varied charge carrier 

behavior in these materials.

The semiconductor particles used in photo-devices, either sourced from manufacturers or 

synthesized in labs as powders, are coated on substrates and calcined, which introduces a wide range 

of defects across various scales. This leads to challenges in determining which photo-excited charge 

carriers are reactive or non-reactive, requiring detailed studies with specific techniques like 

electron/hole scavengers.36,37 In dye-sensitized solar cells, the decay of excited electrons from dyes to 
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semiconductor films follows a stretched exponential function, indicating inhomogeneous processes.38 

In hematite, used for water splitting, charge carriers show a non-exponential decay with long lifetimes, 

which are dependent on the applied bias voltage.39

The dynamics of these photo-excited charge carriers are typically studied using techniques like 

time-resolved photoluminescence (TP),40–45 transient absorption (TA),20,33,45–58 and time-resolved 

microwave conductivity (TMC).59,60 TP is sensitive to the emission of excited carriers but overlooks 

non-emissive processes. TA can observe various charge carriers but lacks the sensitivity of TP and 

faces challenges in wavelength selection. TMC focuses on mobile charge carriers but does not provide 

information on trapped carriers. Each of these methods has its own strengths and limitations and is 

chosen based on the specific requirements of the study and available resources.

The observations made via refractive index changes offer different insights compared to those 

obtained through TP or TA, especially for particulate samples. The sensitivity of these methods to 

dipole changes at interfaces makes them preferable for monitoring charge carriers at these 

locations,61,62 contributing significantly to the understanding of charge carrier dynamics.

To properly understand the issue, merely looking at the average temporal response of charge 

carriers is inadequate. It is crucial to study these carriers in a localized manner, taking into account 

their structural and positional context. In particulate films, charge carriers often get trapped at different 

defect sites and exhibit a range of lifetimes. As a result, they may be both confined locally and capable 

of transport.

TA microscopy is a well-established method 63 used to study nanomaterials and the diffusion of 

photo-excited carriers in materials like silicon nanowire and perovskite thin films.55,56,64,65 This 

technique analyzes charge carrier diffusion by observing the shape change of a spot illuminated by 

focused pump light on an ultrafast timescale. 57,64,66,67 TA microscopy has been further improved by 

integrating it with super-resolution microscopy methods like stimulated emission depletion (STED) 68 

and structured illumination,69,70 allowing observation of smaller regions at faster timescales. However, 

its application is limited to timescales within nanoseconds and small-area observation. Furthermore, 

the focus position must be accurately adjusted at each spot, and it is difficult to apply this method for 

the particulate films with a rough surface. Photoluminescence microscopy is another method where 

light emitted from photo-excited carriers is mapped to identify charge trapping locations. 71 While 

useful, this technique captures only a part of the charge carrier dynamics due to no-response of non-

radiative processes. Ultrafast electron microscopy offers another approach to study the spatio-temporal 

dynamics of photo-excited charge carriers72–75 and has been applied to nanotube and nanoparticulate 

films.76 This technique is limited by the availability of ultrashort electron pulses and the need for 

vacuum conditions, making it challenging to use under operational conditions of photo-devices.

We have studied on the dynamics of charge carriers in dye or quantum-dot-sensitized solar 

cells,62,77,77,78 and water splitting photoanode materials.31,32 The transient grating (TG) method 79,80 is 
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a key technique used, where the refractive index change is monitored to study the dynamics of photo-

excited carriers. This method is particularly sensitive to dipole changes at interfaces, making it suitable 

for examining charge transfer dynamics there.

To analyze the inhomogeneity in the decay processes of charge carriers, a nonlinear least square 

analysis with maximum entropy (ME) regularization81 is introduced. This approach provides a 

distribution of decay times, rather than a single decay time, which is more fitting, given the broad 

distribution of lifetimes in photo-devices. This method has been applied to investigate 

photocatalysis,78 water splitting,31 charge carrier dynamics in sensitized solar cells,82,83  charge 

separation at interfaces,61,84 offering a deeper understanding of charge dynamics in these 

inhomogeneous samples.

In addition to the heterodyne-TG method,79,80 the pattern-illumination time-resolved phase 

microscopy (PI-PM) 25,85 have been developed to observe charge carrier dynamics through refractive 

index changes.61,86 The patterned-illumination, similar as the TG method, features the utilization of 

the contrast between the light illuminated and non-illuminated region, to enhance the difference of the 

effect between them, which effectively used in the image recovery calculations in the data science.  

This technique has been applied to study various types of photocatalysts and solar cells. The PI-PM 

method has been used to clarified the spatially-resolved catalytic activity on a micro-scale,87 with a 

support of the image recover and clustering calculations, providing physical and chemical insights into 

spatially-resolved inhomogeneity of different charge carrier types and photo-catalytic activity on a 

micro-scale. Here, we review the development of the PI-PM method and the informatics calculations 

used, followed by several applications for studying the photocatalytic and photovoltaic materials by 

clarifying the local charge carrier dynamics.

2. Analysis and equipment

2.1Optical setup and technical advantage

The optical setup features how to make a contrast between the irradiated and non-irradiated regions, 

which enhances the contrast of the effect and favorable for the image recovery calculation. Figure 1A 

illustrates the initial configuration of the PI-PM technique. Initially, an excitation pulse is directed 

through a grating, creating an image pattern at the sample's location. This is achieved using a 4f setup 

comprising two lenses with distinct focal lengths (38 mm and 80 mm), resulting in a fringe spacing 

on the sample that is half of the original spacing. The sample is then excited by a pump pulse, leading 

to the creation of photo-excited carriers and subsequent heat from carrier decay. This heat changes the 

refractive index, mirroring the pattern of the pump light. Subsequently, a probe pulse, delayed relative 
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to the pump pulse, is directed at the sample to illuminate it. This probe pulse, upon passing through 

the sample, is partially diffracted and then transmitted through another pair of lenses with focal lengths 

of 60 mm and 1000 mm, achieving an expansion ratio of 17. This setup allows the sample to be imaged 

onto a CMOS camera. The probe beam is expanded to a size larger than the CMOS camera's sensor 

area, and only its central part is used for imaging. The sequence of PI-PM images is captured by 

varying the time delay with a function generator, allowing for a collection of images at different 

intervals.

The third harmonics of a Nd:YAG pulse laser (with a 5 ns pulse width and 355 nm wavelength) 

provided by GAIA, Rayture Systems, served as the pump light, while the probe light came from the 

second harmonics of another Nd:YAG pulse laser (also 5 ns pulse width but with a 532 nm 

wavelength) from the same provider. The synchronization of these pulses was managed by two 

function generators (WF1968, NF), both triggered by a base clock (DF1906, NF). These generators 

were responsible for timing both the flash lamp and the Q-switch, offering a precision of 100 ps. The 

pump pulse covered an area with a diameter of 5 mm. The intensities of the pump and probe lights 

were 0.8 mJ/pulse and 0.02 mJ/pulse, respectively. A grating with a spacing of 40 µm was employed 

for the measurements. However, due to the optics used to reduce it, the grating spacing at the sample 

was effectively 19 µm. The CMOS camera used (MV1-D1024E-160, Photon Focus) featured a sensor 

area of 10.9x10.9mm (1024x1024 pixels), but only a central vertical strip (200x1024 pixels) was 

utilized in order to lessen the data processing load. To demonstrate the measurement technique, a stripe 

pattern identical to the transient grating excitation was used.88

Using a standard fast CMOS camera for image acquisition confines the time resolution to 

milliseconds, inadequate for observing the dynamics of photo-excited charge carriers. Moreover, as 

the camera's time resolution tightens through reduced exposure times, the signal-to-noise (S/N) ratio 

deteriorates due to a decrease in photon count in such rapid imaging. These issues can be addressed 

by employing the pump-probe pulse imaging method. In this technique, the time resolution is 

determined by the width of the pulse, and the photon count remains unaffected, as photons are 

concentrated within the duration of the pulse. The temporal resolution of this setup was constrained 

solely by the probe light’s pulse width, which is 5 ns. By altering the time delay between the pump 

and probe pulses, a series of images were captured and stored on a computer. 

In the revised PI-PM arrangement depicted in Figure 1B, the pump pulse light undergoes 

reflection via a digital micromirror device (DMD) (DLP4500, Texas Instruments), with the pattern 

being modifiable through computer control. The DMD mirror consists of 1039680 mirrors, each 7.6 

µm, arranged in 912 columns by 1140 rows with the diamond pixel array geometry with a 0.45 inch 

diagonal length. Each micro-mirrors are controlled to on/off directions to obtain the designated image. 

The reflection from the DMD is transferred using a lens (f = 100 mm) and an objective lens 

(LUCPLFLN20x, Olympus), shrinking the pattern to 1/14th of its original size on the sample. This 
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pulsed illumination is combined with the pump light at a dichroic mirror for sample illumination. The 

light that passes through the sample is then captured using another objective lens (LUCPLFLN20x, 

Olympus) and a tube lens (TTL180-A, Thorlabs). A CMOS camera (MV1-D1024E-160, Photon 

Focus) with a sensor area measuring 10.9 mm x 10.9 mm (1024 x 1024 pixels) is employed for image 

acquisition. To alleviate computational demands, only a central vertical section (200 x 1024 pixels) of 

each image is recorded. The images are averaged between three to five times, depending on the signal-

to-noise (S/N) ratio, and capturing each image takes about 5 to 10 seconds.

Figure 2 displays sequences of images for both line-pattern and dot-pattern excitations in a TiO2 

nanoparticulate film. The variation in the film's refractive index, resulting from the decay of photo-

excited carriers, was distinctly visible. The width of the lines and the diameter of the dots, representing 

the refractive index changes caused by these carriers, and the contrast was sufficiently distinct to allow 

for an analysis of the distribution of charge carriers. The spatial resolution was 3 �m.

One of the hidden advantage of this method is providing a whole image acquisition instead of 

point-scanning. In this technique, a patterned pump light illumination is used to apply the image 

recovery calculation in informatics theory to the observed images, and the phase-contrast imaging is 

used instead of the absorption change measurement. By utilizing the image recovery, the signal-to-

noise ratio is improved to obtain a slight change of the images due to photo-induced change, and this 

method could extend the time-resolved sequence until the millisecond order. 25,85
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Figure 2 Examples of the image sequences of a TiO2 film measured by the PI-PM method; A: line-

pattern photo-excitation and B: dot-pattern photo-excitation. Reproduced from ref. 85 with permission 

from American Institute of Physics, copyright 2020.

2.2Defocus induced phase-contrast image enhancement 

and fast image acquisition

This section describes how to detect the contrast of the refractive index change, which cannot be 

detected with an image contrast, because the phase change due to the refractive index change does not 

alter the image intensity change. The method of detecting the phase change due to the refractive index 

change is explained in this section. 

The pump pulse's stripe pattern is projected onto a sample, creating photo-excited charge carriers 

in a pattern identical to that of the pump pulse. As the refractive index varies with the quantity and 

effective mass of these carriers, a corresponding refractive index pattern emerges within the sample. 

In the PI-PM imaging method, as illustrated in Figure 3A, light shone on the sample is locally altered 

or deflected (diffracted) due to the refractive index pattern. This results in the transformation of the 

phase image (which depicts the change in refractive index) into an intensity image. This intensity 

pattern is then captured by imaging optics and recorded on an imaging device.

Imaging the refractive index change is feasible without apparent optical interference, specifically 

using methods like Talbot self-imaging and Schlieren imaging.89 Initially, time-resolved refractive 

index images were captured through Schlieren imaging, a technique where part of the illumination 

light undergoes a phase shift to convert the phase image into an amplitude image. This method was 
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achieved by aligning the focus position to a focus point where only the transient absorption change is 

observed. Nevertheless, the TA signal response was found to be negligible.

During PI-PM imaging, a defocusing technique is employed. Throughout various experiments, 

we observed an improvement in the sensitivity of phase-contrast images when the focus was adjusted 

to an ideal defocused state. This focus modification makes the method suitable not only for smooth 

film surfaces but also for rough or unclean ones, offering a notable advantage over TA microscopy, 

especially in the context of photocatalytic material applications. The enhancement in phase sensitivity 

through defocused adjustment was corroborated by wave optics theories applied to a model rough film 

surface. This theoretical prediction was subsequently validated using particulate TiO2 samples.

It should be remembered that there are two types of refractive index changes; one is the patterned 

refractive index pattern induced by the pump light, and the other is the refractive index change due to 

sample inhomogeneity even under the uniform illumination. In both cases, the refractive index change 

is simply imaged with an imaging microscope using the defocusing method. In the following, the 

enhancement of the refractive index image on a model surface with inhomogeneity under the uniform 

illumination is explained. We hypothesized that imaging a rough surface with a random structure 

through a lens onto the camera plane would look like what is depicted in Figure 3B. Our investigation 

focused on how film surface roughness amplitude and defocus distance impact the image. In our actual 

experiments, a sample was imaged using an objective lens followed by an imaging lens. However, for 

a simplified understanding, we considered the use of just a single lens to project the sample's image 

onto the image plane. We modeled the sample surface as having a random structure, characterized by 

specific values for correlation length and average structural height, and assumed the material to be 

composed entirely of a pure phase object. A Gaussian beam was directed at this structured film surface. 

The light then travels a distance ‘a’, passes through the lens, and continues for a distance ‘b’ before 

forming an image on the image plane.

In the wave optics,92 the phase profile,  following propagation over a distance z is ��(����	)

described as,

��(����	) = ���( 
��0	)(�
�0

��	)exp ( 
�
�0

�	
(�2 + �2))                         × ����(��,��)exp

 (1) ��
�0

	
(��� + ���)������

,where  represents the object's phase profile and  is the wavevector. This calculation is ���(��,��) �0

simplified when conducted in the Fourier domain on the xy plane, as,

 (2)��(��,���	) = ���(��,��)���( 
��0	)exp ( 
�
�	

2�0
(��

2 + ��
2))

,where  and  denote the spatial wavevectors in the xy plane. Additionally, the transmission through �� ��

a lens with a focal length f is characterized as,
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 (3)��(����	) = ���(��,��)exp (�
�0

��
(�2 + �2))

The propagation over distance 'a', followed by the lens's transmittance and further propagation 'b', can 

neutralize the quadratic phase terms in Equations (2) and (3), , exp ( 
�
�0

��
(�2 + �2))

 and  at the image plane due to the relation of . exp (�
�0

��
(�2 + �2)) exp ( 
�

�0

��
(�2 + �2)) 1

� =
1

� +
1

�

Consequently, the original image,  is reproduced at the image plane, albeit scaled by a factor ���(��,��)

of b/a. In cases where the sample is a pure phase object, no amplitude image is formed at the focal 

plane.

Under defocused conditions, the phase image undergoes further propagation, and as a result, the 

quadratic phase is not nullified. In Equation (2), the quadratic phase term from additional propagation, 

, combines with the image's pure phase distribution,  to generate an exp ( 
�
2�	

2�0
(��

2 + ��
2)) ���(��,��)

amplitude image. Typically, structural details can be obscured due to diffraction in such additional 

propagation. However, a minor extent of propagation can transform the phase profile back into an 

amplitude image. (In cases where the phase structure is periodic, the structure is fully restored, a 

phenomenon known as Talbot self-imaging. 89) By applying Equation (2), we were able to capture 

images at defocused positions that included this extra propagation.

In our simulation, the phase object,  undergoes a Fourier transformation to  ���(��,��) ���

. This is followed by applying operator calculations for propagation to the lens, lens (��,��)

transmission, propagation to the image plane, and a slight additional propagation. The image intensity 

is then determined through an inverse Fourier transform. To comprehend the impact of photo-induced 

refractive index changes, the refractive index of the phase object was altered by 1%, and the entire 

calculation process was repeated. We compared the differences in image intensities before and after 

this refractive index change by subtracting the two sets of images. This comparison took place both at 

the image plane and at planes with added propagation distances.

The process of transforming a phase image into an amplitude image by defocusing was analyzed 

through optical simulation. This was done to verify the amplitude image of a textured surface using 

defocusing. The lens's focal length was fixed at 10 mm, and the distances from the image to the lens 

and from the lens to the image plane were set at 12.5 mm and 50 mm, respectively. This setup was to 

meet the lens equation (1/a) + (1/b) = (1/f). A coherent Gaussian beam, with a 0.5 mm diameter, served 

as the illuminating (probe) light in a collimated state for the specimen. Figure 3B presents the 

simulation's schematic design. A phase object with random roughness was created, having an average 

roughness of 0.2 µm and a roughness correlation length of 0.05 µm.

Figure 4 illustrates various aspects: the film surface structure in Figure 4A, the initial condition 
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of the Gaussian beam in Figure 4B, and the intensity profile at the image plane in Figure 4C. Since 

the structure involves phase variations, the amplitude images at both the input and image planes 

display pure Gaussian profiles. A minor defocusing allows for the reconstruction of the film surface 

structure, as shown by comparing, following the principles outlined in the theory section. The initial 

pure phase profile of,  transforms into an amplitude image with an additional propagation, ���(��,��)

represented by the expression . This signifies that film surface roughness can exp ( 
�
2�	

2�0
(��

2 + ��
2))

be transformed into an amplitude image through defocusing. In this scenario, the ideal defocusing 

length was found to be 6 mm. The perfect defocusing distance needed for a distinct image of the film 

surface structure is influenced by the average roughness; as the roughness increases, the required 

defocusing distance decreases.

Figure 4 A. The assumption of the random film surface structure is shown as a film surface 

roughness profile, B. The beam intensity profile at the input plane with a Gaussian profile, C. the 

intensity profile at the image plane at the focus position, and D. the intensity profile at the defocused 

position (�z = 6 mm) are shown as the light intensity profile. Reproduced from ref. 90 with permission 

from American Institute of Physics, copyright 2021. 

Subsequently, the variation in image brightness due to a minor change in refractive index was 

assessed at both the image plane and a suitably defocused distance. Figure 5 displays the differential 

image, captured before and after a 1% alteration in the refractive index, alongside the original images 
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at both the in-focus and defocused locations. The image reflecting the refractive index alteration was 

noticeably more pronounced at the defocused spot compared to the image plane. To evaluate the 

enhanced sensitivity to refractive index changes, the average standard deviations of pixel intensities 

across the images were calculated. The sensitivity was found to be 30 times greater at the defocused 

position than at the focused position. This suggests that phase-contrast imaging can be significantly 

enhanced with optimal defocusing.

Figure 5 The subtraction images before and after the refractive index change (�n = 0.01) were 

investigated at the image plane and the optimal defocused position. A, C. The light intensities of the 

original images at the image plane and at the optimal defocus position and B, D. the difference ratio 

of the light intensity of the subtraction images before and after the refractive index change are shown, 

respectively. Reproduced from ref. 90 with permission from American Institute of Physics, copyright 

2021.

For demonstration purposes, substrates composed of P25 particles, which contained many 

aggregates and particles in the micron range (with 50-200 nm particles observable in SEM images), 

were utilized. The roughness of these P25 substrates was measured at 700 nm. This was contrasted 

with a flat surface made from PST-18NR paste (anatase structure, JGC Catalysts and Chemicals). To 

test the enhancement of subtraction images caused by refractive index changes under defocused 

conditions, TiO2 substrates were examined at both the image plane and defocused positions. Figure 6 

displays the PI-PM image sequence for a P25 substrate at each position, alongside the original optical 

images taken under the same setup. The ideal signal condition was determined by adjusting the focus 
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Intensity Difference ratio
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corresponds to the temporal change of the stripe amplitudes for each image sequence, corresponding 

to the photo-induced refractive index change. Reproduced from ref. 90 with permission from 

American Institute of Physics, copyright 2021..

In the case of this sample, the image contrast heightened significantly within 50 to 80 ns and 

then diminished in less than 1 microsecond, exhibiting a slight, slower decay. These dynamics are 

indicative of carrier trapping and recombination processes. For a P25 substrate, the thermal response 

was considerably less pronounced. This can be attributed to the inefficiency in thermal generation and 

heating of the film in particle-based samples, owing to the restricted propagation of charge carriers or 

phonons beyond the individual particles. 

In this work, we present a theoretical framework explaining how photo-excited charge carriers 

on rough film surfaces can be detected using the PI-PM technique. When capturing phase-contrast 

images, the phase variations caused by rough film surfaces can be integrated with the quadratic phase 

term through defocusing. This integration enhances the sensitivity to phase changes resulting from 

photo-excited charge carriers. This phenomenon can be modeled using wave optics theory. The 

increase in the effectiveness of PI-PM images through defocusing was demonstrated. These findings 

affirm the effectiveness of the PI-PM method for examining samples with rough film surfaces and 

provide insights into the behavior of photo-excited charge carriers in particulate photocatalytic 

materials.

2.3Image recovery by the informatics calculations

The image recovery calculations are the key for the PI-PM method. You may feel that the local analysis 

described in section 2.4 and many examples in 3 do not need the pattern-illumination of the pump 

light. However, it is necessary to apply all the image recovery calculations because they use the 

contrast between the illuminated and non-illuminated regions. Without these image recovery 

calculations, the following local analyses under the light illuminated regions is impossible. Thus, the 

combination of the pattern-illumination and the image recovery calculations are prerequisite. The 

paragraph describes the use of three distinct methods for image enhancement or correction, based on 

the image's quality. These methods include: 1) flat field correction, 2) image reconstruction using 

robust principal component analysis, 3) three-dimensional total variation regularization. 

In the process of flat field correction, the issue of image flickering, a common occurrence with 

pulse-light illumination due to inherent pulse intensity variations and uneven spot intensity, was 

addressed. This was resolved by subtracting the background intensity using a mean-value filter, which 

incorporated a kernel function defined by the user. This image processing technique effectively 

homogenized the background intensities and standardized the intensities in the areas of excitation.85
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The second image processing technique involves eliminating random patterns or noise by 

assessing the sparsity structure in each image, a common approach in image reconstruction. In this 

method, the image data is treated as a matrix A, with dimensions M x N (200 x 1024 pixels). The 

process retains the r-th largest principal component analysis (PCA) components in the matrix 

following a specific calculation.93–95

,

� � rLranktosubjectLAMinimize
FL,A NM

��
	
�

where F indicates the Frobenius norm of the matrix, and L is an image matrix consisting of the 

principal components with the same size as A. 

This method involves a calculation where the discrepancy between the original image, denoted 

as A, and its low-rank counterpart, L, is measured using the Frobenius norm. However, this approach 

often fails in the presence of outlier values. In robust PCA (RPCA), the low-rank matrix and the error 

matrix are defined by a specific equation.

,

SLAtosubjectSLMinimize
1S,L MN

�
��
�
� 	

where S is the sparsity matrix of the image corresponding to the noise matrix, and * indicates the 

nuclear norm of the matrix. 

The image data contains various numerical patterns, viewed as components within the data, and 

these are classified using principal components found in the image data. This data is broken down 

using singular value decomposition into a U*T*V matrix configuration, where T represents the 

eigenvalue matrix, U the vertical line matrix, and V the horizontal line matrix. The image is perceived 

as a synthesis of the outer products of U's vertical line vectors and V's horizontal line vectors. Through 

this process, the principal components and sparse noise elements within the image are progressively 

distinguished. This technique divides the random patterns caused by errors into a sparsity matrix, while 

preserving the principal structure with the least number of elements. 

Our findings indicate that RPCA is effective in distinguishing between structured patterns and 

coherent noise patterns, even in the absence of prior information. An illustrative example of this is 

presented in Figure 7. In the coherent imaging process, a laser is used to illuminate a sample, often 

leading to the observation of ring patterns caused by dust or other elements in the optical path. These 

create a specific kind of light diffraction known as a coherent moiré pattern. In the original PI-PM 

image, these coherent moiré patterns were identified and isolated through this method, allowing for 

their removal.
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Figure 7 An example of the image recovery application of the robust principal component analysis 

(RPCA) method. The sample was a TiO2 film measured by the PI-PM method at t = 1 �s. A: An 

original signal image was processed by the RPCA method, and B: the low-rank image was separated 

from C: the sparse image clearly. Reproduced from ref. 85 with permission from American Institute 

of Physics, copyright 2020.

Finally, we will introduce one of the most effective image recovery methods for PI-PM image 

sequences; three-dimensional total variation regularization (3DTV) method. The optimized equation 

is shown here. 
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,where Atrue is the true image sequence and A is the measured image sequence, and the second term 

corresponds to the differential term for the regularization. In this calculation, the squared sum of the 

true and measured data was minimized with a differential regularization term. The regularization term 

has two hyperparameters, �1 and �2, because they need to be optimized for the spatial and temporal 

dimensions. 
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One of the examples for a Fe2O3 photoanode is shown in Figure 8. Before the image recovery, 

the image contrast of the signal was too weak to observe any features, but after the noise reduction 

and smoothing effect by the 3DTV, the time sequence was clearly recovered. 

Figure 8 An example of the image recovery application of the 3D total variation (3DTV) 

regularization method. The sample was a Fe2O3 film measured by the PI-PM method until 10000 ns. 

A: An original signal image was processed by the 3DTV method, and B: image sequence was 

recovered. 

2.4Charge carrier type mapping using the clustering 

responses

In the PI-PM approach, clustering analysis plays a key role in discerning the behavior of charge 
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film/acetonitrile on the order from nanoseconds to microseconds. The light intensity pattern of the 

pump light is indicated at the bottom of the figure, and the selected regions for the cluster analysis 

were indicated in red squares. The scale bar corresponds to 50 �m. B. The averaged response of the 

refractive index change obtained from the image sequence of A, which was obtained by averaging the 

brightness (amplitude) in the images in X and Y direction. Reproduced from ref. 86 with permission 

from American Institute of Physics, copyright 2020.

To discern the rare local responses, we utilized clustering analysis to sort the responses of charge 

carriers. Normally, responses of charge carriers are modeled with multi-exponential functions. Yet, 

for nanoparticulate films, this method is often inadequate as the responses typically vary from 

exponential functions, influenced by diverse decay mechanisms. To overcome this, we implemented 

a technique to directly categorize transient responses based on their shape similarity (cluster analysis). 

Figure 10 illustrates this process. We initiated by selecting a square irradiation area from Figure 9 and 

gathered local responses from the image sequence. These responses were then classified into groups 

based on the resemblance of the decay profiles. This approach circumvents the assumption that the 

decay response follows a parametric form, like a combination of exponential functions. We chose 

spectral clustering, favored for its uncomplicated execution. The classification of responses into 

categories was achieved through experimentation, resulting in three distinct groups, with anomalies 

excluded from these groups.
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Figure 11 A: Image sequence of the refractive index response in a small region (25 × 20 Q�2) on the 

order from nanoseconds to microseconds. The scale bar corresponds to 10 Q�) B: Categorized 

mapping of the charge carrier responses of A. C: Microscopic image at the same area as in A. D: 

Averaged responses for the categorized responses. Reproduced from ref. 86 with permission from 

American Chemical Society, copyright 2020.

Another benefit of clustering is its ability to identify different types of charge carriers. In time-

resolved measurements like TA and TPSC, determining the types of charge carriers, including 

distinguishing electrons and holes as well as trapped carriers is challenging. However, the map of 

charge carrier types generated from clustering analysis offers a distinct separation of regions with 

different charge types. This distinction becomes more apparent when combined with the effect of 

scavengers, facilitating easier identification of the types of charge carriers.

Take, for instance, the analysis of a BiVO4 particulate film (as shown in Figure 12). We selected 

regions of 40 x 40 micrometers within the illuminated area for this purpose. By analyzing the time 

sequence of images captured using the PI-PM method, we extracted time responses from all pixels, 

categorizing local responses based on signal shape similarity. In acetonitrile, we identified three types 

of responses: faster, slower, and no responses, and prepared a categorized map for these.

When we repeated the experiment in ethanol, a common hole scavenger, we observed similar 

response types. However, the categorized map revealed noticeable differences. The dispersed red 

regions, indicative of a specific response type, diminished with the addition of ethanol (except around 

the edges of black regions, corresponding to particle aggregates). This change suggests that the red 

response is related to hole response, as it is scavenged by the hole scavenger. By using similar 

processes with different scavengers, we were able to distinguish between various types of charge 

carriers. Generally, different responses in time-resolved measurements may overlap or cancel each 

other out, but by analyzing responses based on measurement position and visualizing the effects of 

scavengers through mapping, these responses can be effectively separated and identified. Although 

the effect of the scavengers has been seen in the change in the response shape in most of the previous 

studies, we figured out that the response shape is changed because they are averaged in all the regions, 

and actually the ratios of different charge carrier types are changed, revealed by the clustering analyses, 

which are revealed in several examples for photocatalytic materials.

For most of the materials, the probe wavelength, 532 nm is located in the longer wavelength 

region than the band gap absorption. Under this condition, the dielectric function is described by the 

Drude theory, where the dielectric property is determined by the induced polarization of charge 

carriers, represented by the Rorentz model. In this case, the susceptibility (�), which has the relation 

with the permittivity ( ), as   = ! + 1
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2.5Samples

We developed a nano-particulate TiO2 film using a titania nanoparticle paste with an anatase crystal 

structure (PST-18NR, JGC Catalysts and Chemicals) and a mixture of anatase and rutile (P-25). The 

paste was spread onto a glass slide (Matsunami Glass) through the doctor-blade technique, then 

sintered at 450 °C for 2 hours to remove all solvents and chemicals present in the paste. The final film 

consisted of TiO2 nanoparticles, typically 10-20 nm in size.

To produce a hematite film, V
9�??A was synthesized on a fluorine-doped tin oxide (FTO) 

substrate (~7 X7�4� SOLARONIX). This involved using a solution containing 0.15 M iron (III) 

chloride hexahydrate (FeCl3�6H2O, 99.9%, Wako) and 1 M sodium nitrate (NaNO3, 99.9%, Wako) 

at 100°C for 1 hour. The V
9�??A was then converted to hematite 1Y
9�2O3) by sintering in Ar gas 

at 650°C for 30 minutes, creating a film about 500 nm thick.

For the perovskite film made of methylammonium lead iodide (MAPI), we prepared a precursor 

solution using lead iodide (PbI2) and methylammonium iodide (MAI) in dimethylformamide (DMF) 

(Tokyo Kasei). This was spin-coated onto a substrate and recrystallized with diethyl ether, followed 

by post-annealing to form a MAPI film 500 nm thick.96  Hole transport layers (HTLs) such as 2,2’,7,7’-

tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene (spiro-OMeTAD), poly[bis(4-

phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), and poly(3-hexylthiophene-2,5-diyl) (P3HT) were 

applied on MAPbI3 films. Spiro-OMeTAD (112 mg/mL), PTAA (112 mg/mL), and P3HT (54 

mg/mL) in chlorobenzene solutions were deposited in 20 QL volumes onto the MAPbI3 films. Spiro-

OMeTAD and PTAA were used undoped and exhibited low charge mobility within the films. The 

films were then spin-coated at 4000 rpm for 20 seconds and dried by heating at 100 °C for 10 minutes. 

97–99

For particulate chemicals, a paste was prepared by manually grinding particle powder and 

ethanol in a mortar for 1 minute, a process repeated 15 times. Ethanol, terpineol, and ethylcellulose 

were added and stirred manually for 10 minutes, then evaporated to remove the ethanol. This paste 

was applied to a glass slide using the doctor-blade method and sintered at 450 °C for two hours.

For comparison, single crystalline TiO2 and SrTiO3 (Furuchi Chemicals) with dimensions of 10 

x 10 x 0.5 mm and a polished (110) surface were utilized.

To assemble a solid/liquid cell, another glass slide was placed with a silicon rubber spacer (0.5 

mm thick). A liquid layer on the film was created by sandwiching another glass slide with a silicon 

rubber spacer (0.5 mm thick). Acetonitrile (ACN), ethanol (EtOH), and 0.1 mM nitrobenzene 

(NB)/EtOH were introduced into the gap. ACN acted as an inert liquid phase to prevent charge transfer 

from TiO2 to the liquid, which would lead to rapid scavenging of photo-excited electrons by oxygen 

in air or water. EtOH served as a typical hole scavenger, and NB/EtOH was used as a scavenger for 

both electrons and holes.100
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3. Results and discussions

3.1Lifetime homogeneity of a nanoparticulate film 25

In the early times of the development, we measured the PI-PM image sequence at the defocus point, 

where the signal's amplitude was maximized at the expense of spatial resolution. Using the ideal signal 

intensity conditions, we captured a series of PI-PM images of a nanoparticulate (NP)-TiO2 film in 

contact with ACN, ranging from nanoseconds to milliseconds, as shown in Figure 13. In these images, 

the bright areas in the striped pattern indicate the excited region illuminated by the pump light, where 

the photo-excited carriers are generated. The emergence of the stripe pattern is due to the change in 

the refractive index, which occurs because of the generation of photo-excited carriers and the 

subsequent temperature increase from their decay. These bright areas progressively intensify up to 1 

Q�� begin to diminish over approximately 100 Q�� and completely fade on the millisecond scale. This 

observation demonstrates that both the relaxation processes of the photo-excited carriers and their 

thermal decay can be effectively monitored using the PI-PM imaging technique.

Figure 13 A PI-PM image sequence for a nanoparticulateTiO2 film / acetonitrile from the nanosecond 

to millisecond order. The scale bar corresponds to 100 �m. Reproduced from ref. 25 with permission 

from American Institute of Physics, copyright 2019.

In order to interpret the response, we analyzed the temporal change in amplitude at the spatial 

frequency corresponding to the reciprocal of the grating spacing. This was achieved through Fourier 

transform of the periodic stripe pattern along the x-direction, as indicated in Figure 14. Figure 14A 
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Figure 14 A: A schematic drawing of the calculation procedure to obtain an amplitude of the average 

refractive index change is shown. For an image at each delay time, the Fourier transform was 

calculated in the x direction, and the first order amplitude of the Fourier spectrum was regarded as the 

average amplitude of the refractive index change. B: A temporal change of the amplitude of the PI-

PM images. The temporal change of the amplitude at the 1st order of spatial frequency was plotted. 

The inset shows the oscillating response on the nanosecond time scale, corresponding to the response 

of the acoustic grating. Reproduced from ref. 25 with permission from American Institute of Physics, 

copyright 2019..

We observed various responses, including the oscillatory behavior from the acoustic grating, the 

decline of electrons trapped on the surface (up to 1µs), and thermal diffusion (lasting up to 100 µs). 

To capture the lifetimes of the photo-excited electrons, we focused on a specific time frame (0-1 µs) 

for the response. This segment was modeled using an exponential function, allowing us to map out the 

time constants. Our findings revealed a broad distribution of these time constants, ranging from 68 to 

920 nanoseconds, which varied depending on the locations within the sample. This significant 

variation implies that the uniformity of the sample plays a crucial role in determining the lifetimes of 

the charge carriers.

3.2Charge carrier diffusion in nanoparticulate films 102

Understanding the dynamics of charge carriers has been challenging due to two main issues: the 

disparity between single crystals and particulate films, and the different assignment yielded by 

different methods. Focusing on the first issue, the dynamics of charge carriers in single crystalline 

TiO2 and SrTiO3 were characterized by a single exponential decay, which immediately followed 

irradiation by the pump pulse. 33,54 In contrast, particulate films exhibited varied charge responses. For 

particulate films of TiO2 and SrTiO3, it is believed that photo-excited charge carriers typically became 

trapped within 100 ps, with the trapped carriers decaying through recombination in the microsecond 

range. 23,24

Regarding the second issue, time-resolved absorption (TA) responses indicated several types of 

decay in TiO2
23,24 and SrTiO3

103–105, with time constants ranging from under 100 ps to several 

microseconds. In transient photovoltage (TP) measurements, two decay types were observed in the 

visible and near-infrared spectrum. These were attributed to carriers trapped in shallow and deep trap 

states, with decay times ranging from nanoseconds to microseconds for TiO2.40,106 Conversely, 

changes in the refractive index indicated an initial increase over hundreds of nanoseconds, followed 

by decay within 1-100 microseconds. Similar responses were also observed in other particulate 

semiconductor films like Fe2O3, BiVO4, and methylammonium lead iodide (MAPI).82

A notable difference in the response observed via changes in the refractive index is the 
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emergence of a rising component within the range of 10-1000 ns. This response cannot be attributed 

solely to charge trapping in defect states, which typically occurs within 100 picoseconds in other 

measurements. It's hypothesized that the trapping into deep, immobile states happens instantaneously, 

while carriers trapped more shallowly migrate between particles, resulting in a longer overall trapping 

process.

In light of this hypothesis, we developed a model that explains charge trapping during diffusion 

in the responses of TiO2 and SrTiO3 particulate films, as well as the observed differences between 

responses in single crystal and particulate films. The consistency of this model with theoretical 

predictions confirms that this type of trapping combined with diffusion is a common process in 

particulate films.

In particulate semiconductor materials, photo-excited charge carriers are typically trapped in 

states on the order of picoseconds. We postulate that such trapped carriers can diffuse in position and 

be trapped in another state during hundreds of nanoseconds. These carriers are likely trapped in 

shallow states, undergoing diffusion and recombination processes. The number of shallowly trapped 

charge carriers, denoted as N, can be represented as follows:

, (1)
+#(	�,)

+, = -#
+2#

+	2 

#

.

where  symbolizes the diffusion coefficient of charge carriers that are shallowly trapped, ^ -#

represents the decay time of these carriers, encompassing recombination and other forms of decay, 

and z denotes the direction parallel to the film's thickness. The process by which these shallowly 

trapped charge carriers become trapped in another state at the surface is described as follows:

(2)
+#(	�,)

+	 |
	 = 0

=
0

-#
#(0, ,),

where S is the trap rate to another trap state. This model is calculated with an initial distribution of 

photo-excited charge carriers as,

(3)#(	��) = #0���( 

	

��
),

where  represents the apparent penetration depth of the pump light. Given that the film is composed ��

of particles,  essentially reflects the ensemble-averaged depth of photo-excitation measured from ��

the surface. The quantity of carriers that become trapped in another state is characterized as follows:

(4)
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where erfc indicates the error function and , which is necessary to solve Eq. (4) to obtain #(0, ,) #,1��
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Using this formula, we numerically calculated . In our data analysis, we assumed the #,1��(,)

recombination of shallowly trapped charge carriers to be negligible. In other words, ^ is considerably 

longer than the duration over which  increases. The parameters S, V� and  were treated as #,1��(,) -#

variables to be determined. They were estimated by employing the Markov Chain Monte Carlo 

(MCMC) method, selecting values that maximized the posterior probability. 108

The PI-PM image sequences for both a single crystal and a particulate film of TiO2 are depicted 

in Figure 15. In each sample, a striped pattern, reflecting the pattern of the pump light, was evident. 

This striped contrast is directly related to the change in refractive index caused by the photo-excited 

charge carriers and the temperature increase from nonradiative relaxation of these carriers. The stripe 

pattern in the single crystal exhibited a diffraction-like shape at the edges of the slit, a result of the 

sample's thickness (0.5 mm). The contrast of these stripes faded in the range of microseconds due to 

thermal diffusion, observable as a blurring of the stripe patterns. Notable differences between the 

single crystal and the particulate film emerged in the initial period of less than 1 µs. In the single 

crystal sample, the refractive index change was immediate following the pump pulse irradiation. 

Conversely, in the particulate film, the contrast grew more slowly, taking up to 1 µs to fully develop.
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Figure 15 The PI-PM image sequences for A: a single crystal and B: a particulate TiO2 film are shown.  

The optical images of the samples obtained under the same optical setup are also shown at the bottom 

of the sequences. Reproduced from ref. 102 with permission from MDPI, copyright 2021.

Figure 16 illustrates the temporal changes in the refractive index to clearly demonstrate the 

difference of the time responses. The amplitude of the stripes was determined by calculating the 

amplitude of the Fourier transform of each image in the horizontal direction. It was evident that the 

signal in the single crystal surged immediately following the pump light irradiation and exhibited a 

gradual decay until approximately 100 ns, followed by a decay with a time constant of around 600 ns. 

For the particulate film, however, the signal rose gradually until about 1 µs before decaying on the 

microsecond scale. This decay aligns with previously reported thermal diffusion, which occurs an 

order of magnitude faster in the single crystal compared to the particulate film. 25 A key point to note 

is the difference in the initial rise of the signals; in the particulate film, the signal continued to increase 

until around 1 µs, whereas in the single crystal, the signal declined immediately after a brief surge 

caused by the pump pulse irradiation.

Prior studies have indicated that in TiO2 particulate films, photo-excited charge carriers typically 

get trapped in less than 100 ps and their recombination occurs over a range from nanoseconds to 

microseconds. In the case of the single crystal, the signal was observed to rise within our time 
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resolution of 3 ns and then decay with a time constant of approximately 600 ns, aligning with reported 

values. 33  On the other hand, the signal in the particulate film showed a gradual increase over a period 

of about 1 µs, a phenomenon not widely reported by other methods. This time frame is roughly the 

interval between the initial trapping of charge carriers in shallow states and their eventual 

recombination. This observation leads to the hypothesis that these carriers may be in a transitional 

state that permits their diffusion among particles while they are in these shallowly trapped states.

 

Figure 16 A: The normalized temporal responses of the refractive index change for the particulate 

film and the single crystal of TiO2 are shown. The signal amplitude was calculated from the images 

of Fig. 15. B: The rising part of the TiO2 particulate film and the fitting curve obtained from Eq. (4). 

The parameters were S=18.2 [-], �=6.16 [�m-1], DN=0.594 [�m2/�s], respectively. For comparison, a 

fitting curve using an exponential model is also shown. Reproduced from ref. 102 with permission 

from MDPI, copyright 2021.

Building on this hypothesis, we applied our model to the signal data for the particulate film and 

successfully derived relevant parameters. These findings are displayed in Figure 16, where the 

response was accurately fitted (R² = 0.97). Notably, the response could not be aptly modeled using a 

simple exponential rise, as evidenced in the same figure. The signal response aligned well with our 
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proposed diffusion-trapping model. Similar outcomes were observed for SrTiO3, Fe2O3, and BiVO4. 

These results suggest that the diffusion-induced trapping of photo-excited charge carriers is a 

widespread occurrence in particulate photocatalytic materials, a phenomenon not detectable through 

conventional time-resolved techniques like TA and TP methods. The time-resolved method involving 

refractive index change serves as a complementary approach, capturing key processes in the dynamics 

of photo-excited charge carriers that other methods might miss.

3.3Exciton dynamics observed for TiO2 nanoparticulate film 

86

Figure 17A presents a series of images capturing the changes in the refractive index of a 

nanoparticulate TiO2 film over time. These images revealed a response that varied depending on 

location, with bright spots of approximately 2-3±1 Q� in diameter emerging around 50±10 ns. 

Through spectral clustering, the transient responses were categorized into three distinct groups, which 

are depicted in Figure 17B. The initial phase image of the sample, shown in Figure 17C, displays 

aggregations a few microns in diameter, yet these aggregates did not coincide with the rapid 50 ns 

responses.

For each category, the average responses from all pixels within the same group are presented in 

Figure 17D. The proportion of responses in each category was approximately 1:12:8. A comparison 

of Figure 17C and D reveals that the most extensive area (shown in green in the categorized map, #2 

in B) corresponded to a response similar to the average response of photo-excited charge carriers with 

a decay time of about 10 Q�) Interestingly, many areas showed no response (blue region, #3 in B), a 

detail that would have been missed without imaging the responses. An unusual response, characterized 

by a swift rise and fall within about 50 ns, appeared as spots in the red region (#1 in B). This suggests 

that the behavior of photo-excited charge carriers in these areas was markedly different from others.

This analysis demonstrates that while the majority of photo-excited charge carriers decayed 

around 10 Q�� not all areas exhibited similar responses. In some regions, photo-excited charge carriers 

were not generated at all, while others showed rapid responses of about 50 ns. This pattern was 

consistent across all the areas examined.
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Figure 17 A: An image sequence of the refractive index response in a small region (25×20 mm). 

on the order from nanoseconds to microseconds. The scale bar corresponds to 10 µm. The bright spot 

is indicated in red circles. B: The categorized mapping of the charge carrier responses of A. C: A 

microscopic image at the same area as A. The aggregation is indicated in red circles. D: The averaged 

responses for each categorized response. Reproduced from ref. 86 with permission from American 

Chemical Society, copyright 2020.

Regarding the average response, the microsecond dynamics observed in TiO2 particulate films 

are generally attributed to the recombination of electrons and holes trapped on the surface. 7,11,33 

However, the nanosecond dynamics of photo-excited charge carriers in these films remain less 

understood, differing from the dynamics in single crystalline TiO2. 26 In semiconductor oxides, photo-

excited charge carriers are often trapped in surface or interface states within a femtosecond to 

picosecond timeframe, 7,35 and their dynamics on the nanosecond scale vary based on the sample's 

condition. While reactions of photoexcited holes at interfaces have been indicated, 7,36, such interfacial 

charge transfer was prevented by the contact between TiO2 and ACN in this study.

A likely explanation for the observed nanosecond response is a faster recombination pathway 

via self-trap exciton states (STEs). 37 Excitonic polarons, observed through photoluminescence 

measurements, occur when electron and hole polarons are trapped by surface states, forming weakly-

bound STEs. 38 In TiO2, if the Coulomb interaction between electrons and holes is sufficiently strong, 

they stay close enough for radiative recombination. The STEs have a lifetime ranging from 0.5 to 3 
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Q�) 39–42 (The spotty responses were not due to the emission). Also, the radiative decay of STEs is 

much weaker at room temperature, 40–42 where mobile electrons can escape the exciton state, reducing 

radiative recombination. We suggest that these observations represent 'nonradiative' recombination 

processes of STEs, corroborated by the nonlinear increase in spot numbers with increased pump 

intensity. It's reported that electron polarons can migrate to where the immobile hole polaron is located, 

forming self-trapped excitons within nanoseconds. The spotty local response could be explained by 

the random encounter of electron and hole polarons. 40 

This research marks the inaugural observation of nonradiative decay in self-trapped excitons 

within semiconductor materials at room temperature. Prior to this, similar phenomena had only been 

reported in specific contexts, such as with alkali halides43 and lanthanum halides44. Our findings reveal 

that relying solely on the 'average' temporal response is inadequate for a comprehensive understanding 

of photo-excited charge carrier behavior in semiconductor particulate films. This inadequacy is 

primarily due to the presence of defects that are both locally and sparsely distributed across various 

dimensional scales. Uncovering the relationship between the local structure of these materials and the 

behavior of charge carriers holds significant potential. It could lead to valuable insights that enhance 

the efficiency of photocatalytic materials, ultimately guiding their structural refinement and 

optimization.

3.4Scavenger study for charge carrier distinction for titanium 

oxide and hematite109

The PI-PM image sequence and its analysis by the clustering helps understand the charge carrier types 

by comparison of the charge carrier mapping with/without scavengers. By the clustering analyses of 

all the pixel-by-pixel responses, we could extract various different charge carrier dynamics because 

photocatalytic materials have inhomogeneity on film surfaces and the charge carrier behavior depends 

on the local structure and species. Even for typical photocatalytic materials, TiO2 and hematite, we 

could recognize various charge carrier dynamics, which cannot be differentiated by the general fitting 

procedure for the averaged time response. We could categorize the surface-trapped charge carriers 

(holes and electrons) and bulk carriers in the nanosecond to millisecond order, which indicates that 

this analytical procedure will play an important role in understanding the charge carrier dynamics for 

various photocatalytic materials.

The image sequence data (three-dimensional data (space and time)) is recovered by the 3DTV.110 

In the analysis of the data, the temporal responses at all the pixels (> 10000) in a PI-PM image 

sequence are categorized in terms of the local charge carrier responses by the clustering analysis. The 

response shapes are compared and the similarity is used for the categorization of the types of charge 
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carriers. The category map of the types of charge carriers could reveal the position-dependence.

A liquid layer on a film was prepared by putting another glass slide together with a silicon rubber 

spacer (thickness: 0.5 mm). Acetonitrile (ACN), ethanol (EtOH), and 0.1 mM nitrobenzene 

(NB)/EtOH was inserted into the gap. ACN was used as an inert liquid, indicating no charge transfer 

from photocatalytic materials to the liquid side,61 otherwise, photo-excited electrons are scavenged by 

oxygen in air or solutions. EtOH was used as a hole scavenger, and NB/EtOH was used as an electron-

and-hole scavenger. We revealed that NB was converted into nitrosobenzene in the photocatalytic 

reaction,100 under the hole scavenging condition (in ethanol). This means that nitrobenzene works as 

an electron scavenger and ethanol works as a hole scavenger. We could not find an optimal scavenger 

that works only for electrons under the pulse-light illumination condition. A typical electron scavenger, 

Ag+, was photo-reduced to form nanoparticles on the substrates, which affected the signal response, 

and Fe3+ cannot be used because it is a colored solution for the pump light.

Here we show an example for a region (25 × 60 µm) of a hematite photoanode, Fe2O3, was used 

for analysis. Time-resolved image sequences for a Fe2O3, film in contact with three types of solvents 

(ACN and EtOH, and NB/EtOH) were measured in the same region by the PI-PM method. The PI-

PM image sequence was measured for 0 ns – 100 µs under photo-excitation with a stripe pattern in a 

larger area. The photo-irradiated regions showed an inhomogeneous contrast from 1 ns followed by 

an unclear increase/decrease, and decayed until a few hundreds of nanoseconds. It seems that a positive 

(whitish) contrast was apparent in ACN until around 10 ns, compared with those in EtOH. But the 

final decay time was < 500 ns for all the solvents. To make an assignment of charge carrier dynamics, 

the clustering of the charge carrier dynamics was studied in a smaller region. 

Time-resolved image sequences for a Fe2O3 film in contact with three types of solvents (ACN 

and EtOH, and NB/EtOH) were measured in the same region by the PI-PM method. In the PI-PM 

image sequence, the photo-irradiated regions showed an inhomogeneous contrast from 1 ns followed 

by an unclear increase/decrease, and decayed until a few hundreds of nanoseconds. It seems that a 

positive (whitish) contrast was apparent in ACN until around 10 ns, compared with those in EtOH. 

But the final decay time was < 500 ns for all the solvents.

The clustering of the charge carrier dynamics was studied. Figure 18 shows the categorized maps 

of the charge carrier responses of �-Fe2O3 film. We recognized four types of responses in �-Fe2O3 

film in ACN; A positive-strong response (Category 1), a positive response (Category 2), a negative 

response (Category 3), and no response (Category 4) were categorized. The ratio of the four categories 

in this region was 10, 33, 19, and 38 %, respectively. When the solvent was changed to EtOH, the 

categories were the same as those in ACN, but the ratio drastically changed; 2, 9, 62, and 27 % for the 

four categories. The positive responses (Categories 1 and 2) were reduced and changed into negative 

responses (Category 3). (The difference between Category 1 and 2 is only the intensity difference, 

corresponding to the density difference of the photoexcited carriers.) This result clearly indicates that 
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different types of charge carriers only from the time-resolved response, even from the effect of various 

scavengers for each charge carrier. However, in the PI-PM method, the charge carriers were 

categorized by the charge carrier responses, which were returned back to the surface map of different 

charge carrier types. By investigating the charge carrier maps for different scavengers, the charge 

carrier types are usually more obvious compared with the general procedure such as a response change 

due to the scavengers. In a sense, the charge carrier response was originally averaged, which could 

include various different responses, especially for the inhomogeneous samples such as photocatalysts 

and photovoltaics, but using a huge number of the charge carrier responses and the clustering analysis, 

the data dimension was expanded, and more useful extension of the data is available. These 

demonstration experiments could convince you to use the data effectively to understand the charge 

carrier dynamics for photocatalytic and photovoltaic materials.

3.5Photocatalytic activity study on photoanode and 

photocathode materials109

Photocatalytic water splitting is an emerging method for producing clean hydrogen and has been 

explored using various materials. Understanding charge carrier dynamics is a key to comprehending 

the mechanisms of interfacial reactions. However, the inhomogeneous reactions caused by particulate 

materials have complicated the differentiation of charge carrier types. The PI-PM method has been 

employed to analyze local charge carrier dynamics. We focused on two materials used in particulate 

photocatalyst sheets for Z-Scheme overall water splitting: Rh-doped SrTiO3 (STOR) and Mo-doped 

BiVO4 (BVOM), which serve as hydrogen and oxygen evolution materials, respectively. By mapping 

the distribution of charge carrier types and analyzing their behavior in the presence of scavengers, we 

were able to spatially isolate and identify local charge carriers relevant to water-splitting, providing 

insights into surface-trapped charge carriers.

The PI-PM method proved effective in identifying charge carrier processes by differentiating 

between types of charge carriers and assessing the variation in carrier types with and without a 

scavenger. We studied STOR and BVOM photocatalyst films to demonstrate this charge carrier 

assignment. Our detailed analyses yielded comprehensive information on the charge carrier dynamics 

for each material, clearly distinguishing between different types of charge carriers. ACN and EtOH 

served as an inert liquid and a hole scavenger, respectively. The average responses in both solvents 

showed no significant difference. We selected regions of 30 x 40 µm for STOR and 40 x 40 µm for 

BVOM within the illuminated areas. The category map was then reconstructed based on the local 

positions to depict the distribution of charge carrier types.
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A specific example for STOR in contact with ACN is presented in Figure 19A(a-d). The initial 

PI-PM image sequence is shown in (a). Analysis of the image sequence data (image: 65 x 105 pixel) 

(Figure 19A(b)) revealed three types of responses. The locations corresponding to each response were 

mapped out in Figure 19A(c), alongside an optical image obtained using the same setup in the same 

area (Figure 19A(d)). Category 1 exhibited a rapid response with rise-and-decay times of 30-40 ns and 

~200 ns, respectively. Category 2 displayed rise-and-decay times of 700-800 ns and ~10 µs. 

Additionally, Category 3 showed no response. Category 1 was associated with intrinsic recombination, 

while Category 2 was linked to hole accumulation at Rh sites (Rh3+ to Rh4+), as identified in previous 

studies,   because time-resolved study revealed that this component was scavenged by a hole scavenger 

and also the Rh species has an ability of hole accumulation. 87,104 Similar slow hole decay has been 

reported in other studies involving metal doping for STO. 26,47 The area ratios for Categories 1, 2, and 

3 were 15%, 51%, and 32%, respectively. The sites of hole accumulation due to Rh doping were 

widespread, whereas areas of intrinsic recombination were more localized.
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contact with ACN. B: The same result in MeOH is shown. Reproduced from ref. 111 with permission 

from American Chemical Society, copyright 2022.

This analysis was similarly conducted for STOR in MeOH, with the results displayed in Figure 

19B(a-d). Like with ACN, three categories were identified (Figure 19B(b)); Category 1 with rapid 

response times of 40-50 ns and ~300 ns, Category 2 with 700-800 ns and ~4 µs, and no response in 

Category 3. Since the time constants for Categories 1 and 2 closely matched those in ACN, the same 

interpretations were applied. Notably, a new Category 4 was distinguished, characterized by rise-and-

decay times of ~200 ns and ~500 ns. The distribution of responses was 11% for Category 1, 22% for 

Category 2, 47% for Category 3, and 17% for Category 4. The locations corresponding to Category 4 

mainly originated from the areas of Category 2 in Figure 19A(c). Therefore, it was concluded that 

Category 4 in MeOH evolved from Category 2.

Considering that Category 2 represents the hole trapping state at the Rh sites, which can be 

scavenged by methanol, it likely transformed into Category 4 due to methanol removing the oxidized 

Rh4+ state. The intrinsic recombination (Category 1) remained unaffected by the hole scavenger. For 

water splitting, surface-trapped electrons recombine either with the remaining oxidized Rh state 

(Category 2) or with surface-trapped holes if the oxidized Rh state is scavenged by methanol (Category 

4).
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Similarly, local charge carrier dynamics were analyzed for BVOM, as shown in Figure 20A(a-
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d). The original PI-PM image sequence (image 80 x 80 pixel) is depicted in Figure 20A(a), revealing 
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three types of responses (Figure 20A(b)). The categories for each response type were mapped in Figure 
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20 A(c), alongside an optical image (Figure 20A(d)). Category 1 displayed rapid response times of 5-
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Figure 20 A: The image sequence for BVOM in acetonitrile by the PI-PM method and the results by 

the clustering analyses are shown in (b) and (c); (b) the average response for each category and the 

time constants for the rise-and-decay of the categorized responses, and (c) the corresponding 

categorized map (green: Category 1, red: Category 2, black: Category 3) (d) A microscopic image in 

the same region is shown. The scale bar corresponds to 20 �m. B: The same result in MeOH is shown. 

Reproduced from ref. 111 with permission from American Chemical Society, copyright 2022.

The same analysis was applied to BVOM in MeOH, as shown in Figure 20B(a-d). Here, two 

distinct response types were identified (Figure 20B(b)): one being a rapid response with rise-and-

decay times of 40-50 ns and ~300 ns, and the other a slower response with ~200 ns and ~700 ns. 

Comparing these with the responses in Figure 20A(b), the reaction in Category 1 slowed down, while 

the reaction in Category 2 remained relatively unchanged. The distribution of these categories was 

68% for Category 1, 8% for Category 2, and 24% for Category 3. Notably, there was an increase in 

Category 1's ratio and a decrease in Category 2's, compared to the category map in Figure 20B(c). 

Moreover, the locations for Category 2 in Figure 20B(c) were predominantly near the BVOM 

aggregates, as seen in Figure 20B(d).

This suggests that the areas experiencing recombination of surface-trapped holes were 

diminished because methanol scavenged these holes, transforming the distributed surface trap sites 

into regions of intrinsic recombination. Two recombination processes were observed: intrinsic 

recombination and recombination of surface-trapped holes, with the latter being scavenged by 

methanol. The delay in intrinsic recombination, caused by methanol's reduction of holes, led to fewer 

recombination opportunities for electrons. Although methanol scavenged the surface-trapped holes, 

the sites near the aggregates were not affected.

This study demonstrates categorization of charge carrier types using clustering analysis on time-

resolved microscopic image sequences for two photocatalytic materials: Rh-doped SrTiO3 and Mo-

doped BiVO4, both used in ‘Z-Scheme’ overall water splitting. Typically, the characterization of 

charge carriers involves observing changes in time-resolved responses upon adding scavengers. 

However, identifying charge carriers based solely on 'average' time-resolved responses can be 

ambiguous. Our PI-PM method enabled observation of charge carrier responses at each microscopic 

location, categorizing them based on response similarities. By analyzing how the charge carrier type 

map changes with scavengers, we could more accurately assign charge carrier types. This approach is 

crucial for understanding local charge carrier dynamics and their relation to the local structure.

3.6Photocatalytic activity analysis for BVOM/ITO/STOR Z-
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scheme photocatalytic sheet 87

Sunlight-driven water splitting into hydrogen and oxygen represents a highly promising avenue for 

clean energy generation. 17,114,115  Significant efforts have been directed towards the development of 

suitable materials for this purpose. These endeavors have also expanded into the realms of device 

fabrication and large-scale implementation. 116,117 In the context of overall water splitting, it's crucial 

to select materials with appropriate band positions for both the reduction of protons and the oxidation 

of water. To facilitate these reactions, co-catalysts are often employed. Rather than relying on a single 

material, a common approach involves using two different materials in tandem for generating 

hydrogen and oxygen. This method, where charge transfer between the two materials compensates for 

remaining charges, is known as the ‘Z-scheme water splitting system.’ 17,114,118–120

In employing the Z-scheme strategy, a variety of semiconductor combinations are explored. A 

popular pairing is Mo-doped BiVO4 (BVOM) and Rh-doped SrTiO3 (STOR), serving as catalysts for 

oxygen and hydrogen generation, respectively. Recently, a type of photocatalyst sheet—designed for 

easy production through extensive screen-printing methods and incorporating a conductive colloidal 

binder (like Au, ITO)—has been developed. This sheet features a densely packed film structure, 

enhancing its suitability for broader deployment. 21,121,122

This photocatalyst sheet was analyzed using the PI-PM method in ACN and EtOH. Through 

detailed investigations into the effects of scavengers (water, ethanol for each component), the time 

responses were classified into three distinct processes based on their timescales. Figure 21 illustrates 

how photo-excited charge carriers are generated in the conduction and valence bands following 

excitation, as the wavelength of the pump laser (355 nm) exceeds the bandgap energy of both materials 

(BiVO4=2.4 eV, SrTiO3=3.2 eV). We monitored the dynamics of these charge carriers after interband 

transition in both materials. The carriers are quickly trapped in shallow or deep states due to various 

types of defects, typically completing within the picosecond timeframe. 50,103,105,113 These trapped 

carriers then decay, either recombining within the materials or being extracted externally. The first 

component of the response encompasses these rapid charge carrier dynamics. As ACN acts as an inert 

solvent for charge carriers, they remain confined within the materials for longer periods. This results 

in a response observed over hundreds of microseconds, corresponding to the microsecond 

recombination process for BiVO4 and SrTiO3, 26,48 which is included in the third component of the 

response.
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Figure 22 presents the PI-PM results for the Z-scheme sample. The transient responses were 

grouped into three categories through spectral clustering124 and mapped in Figure 22A(b). Outliers, 

significantly different from these three categories, were marked as #0 (black) in this map. The original 

microscopic phase image of the sample, captured without pump pulse irradiation using the same 

optical setup as the PI-PM method, is shown in Figure 22A(c) and features micron-sized aggregates.

For each category, the average responses from all pixels within the same category are displayed 

in Figure 22A(d). The categorized map in Figure 22A(b) and (d) predominantly consisted of red and 

blue regions. The red region's response was akin to an averaged overall response (data 1 in (d)), while 

the blue response appeared to be a mix of the first and third responses (data 2 in (d)). A minor portion 

of green regions in Figure 22A(b) corresponded to a slow rising component (data 3 in (d)), indicative 

of the third component. From our earlier assignment, the response of data 1 in Figure 22A(d) 

comprised intrinsic recombination and the decay of surface-trapped carriers until 1 µs, which are vital 

for water-splitting reactions. Hence, water-splitting reactions predominantly occurred in the red region. 

The blue response involved intrinsic recombination with hole decay to the Rh3+ state (Rh4+ formation) 

in STOR. The green regions, representing Rh4+ formation in Figure 22A(d), were significantly smaller 

compared to the red and blue regions, suggesting that the blue and green regions lacked water-splitting 

activity.

An identical analysis was performed on a Z-scheme sample without the ITO mediator 

(STOR/BVOM) to evaluate the effect of ITO, as shown in Figure 22 B. Similar categories of transient 

responses were observed. However, the green regions in the categorized map (Figure 22B(b)) 

increased drastically, while the red regions reduced significantly compared to Figure 22B(b). The 

proportion of the blue region remained mostly unchanged. These findings implied that the area of Rh4+ 

formation increased substantially in the absence of an ITO mediator, which explained why the water-

splitting reaction was less efficient in this system.
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materials but also the other materials involving electron transfer reactions providing swift optimization 

for photocatalytic materials.

3.7Cocatalyst activity analysis for photocatalytic materials 125

The La5Ti2CuxAg1-xS5O7 series (where x ranges from 0 to 1) are oxysulfides known for their strong 

absorption in the 550 to 750 nm range. These materials are p-type semiconductors, primarily due to 

copper species acting as acceptors, 126 and have drawn significant attention for their potential in 

photoelectrochemical and photocatalytic hydrogen production. 127–130 Enhancements in their 

photocatalytic efficiency were achieved by substituting titanium with gallium, thus increasing 

electronic conductivity. 131 The impressive performance of gallium-doped La5Ti2-xCuS5O7 in 

photoelectrochemical applications led to its use in tandem/parallel photoelectrochemical cells and 

photocatalyst sheets for independent water splitting. 131,132 Cocatalysts, often used to improve charge 

separation and catalyze surface reactions in photocatalytic water splitting, have been variously applied 

to these materials, although their effects on particulate photocatalytic substances remain somewhat 

ambiguous. 133–135 In this study, we employed the PI-PM method to examine local charge carrier 

dynamics in particulate gallium-doped La5Ti2-xCuS5O7, identifying different types of charge carriers 

through the scavenger effect and analyzing the impact of cocatalysts accordingly.

We conducted clustering analysis on the photo-excited areas to determine the nature of charge 

carriers. Previous research revealed that scavenger effects are localized on a micro-scale, helping the 

identification of charge carrier types by contrasting responses with and without scavenger effects. 111 

To differentiate between carrier types, we compared response shapes and intensities across specific 

regions, categorizing them into distinct groups based on these comparisons.

Figure 23 presents the categorized response maps for gallium-doped La5Ti2-xCuS5O7 in both 

ACN and MeOH. Three types of responses were observed: positive, no response, and negative, 

correlating well with certain regions in the optical images of the particles, suggesting that these 

responses originated from the particles or their aggregates. Interestingly, the positive and negative 

responses in these images indicated different origins of charge carriers, as inferred from their 

contrasting refractive index changes.

The distribution of these response categories differed between ACN and MeOH. In ACN, the 

ratios were 15%, 65%, and 21% for Categories 1, 2, and 3, respectively, while in MeOH, they shifted 

to 4%, 76%, and 20%. This shift, particularly the decrease in Category 1 and increase in Category 2 

in MeOH, was attributed to the effect of the hole scavenger (MeOH), with Category 1 being identified 

as hole responses. It is hypothesized that the hole-excited regions were deactivated in MeOH, 

transforming into Category 2. Consequently, Category 3 was associated with electrons, the 

counterparts to holes.

The study also noted that Categories 1 and 3 responses are indicative of surface trapping and 
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Figure 24 illustrates the response maps of charge carriers for rhodium-doped oxysulfide (Rh/Ga-

LTCA) in ACN. In this setting, four distinct types of responses were identified, one more compared 

to Ga-LTCA alone. These responses included a positive response (Category 1), no response (Category 

2), and two different negative responses (Categories 3 and 4). Comparing these findings with Ga-

LTCA and considering the effect of MeOH as a scavenger, it was deduced that Categories 1 to 3 

correspond to the same phenomena observed in Ga-LTCA: surface-trapped holes for Category 1 and 

surface-trapped electrons for Category 3. Category 4 emerged as a novel component, representing a 

delayed response compared to Category 3. Rhodium, acting as a cocatalyst, gathers electrons and is 

known to facilitate electron transfer to cocatalyst sites in microseconds. 136 Therefore, it was 

hypothesized that the responses in Category 4 were related to electrons trapped at Rhodium sites.

The negative responses were divided into two types: one similar to Ga-LTCA and the other 

showing a slower reaction. The time constants for the fall-and-recovery component were 20-30 ns and 

700-800 ns for Category 3, and 60-70 ns and 1-2 �s for Category 4. The addition of a cocatalyst for 

electrons resulted in some electrons being trapped at Rh sites, leading to a delayed electron response. 

These observations suggest that the trapping and recombination processes of charge carriers, with 

opposite signs and at different sites, can influence each other. This implies that Rh not only enhances 

charge separation but also alters the nature of charge carriers, particularly extending the lifetime of 

electrons, which is beneficial for reduction reactions.

In terms of area coverage, Categories 3 and 4 constituted 24% of the total area, with a ratio of 

2:8 between them. Similar proportions were observed in other regions, indicating that Rhodium 

effectively influenced about 70-80% of the electron-excited areas. Despite the optimization of Rh 

deposition for maximum efficiency, it is possible that some Rh sites did not fully cover all electron-

accumulating areas or some Rh did not function as an effective electron mediator in its cocatalyst role.

Our research revealed that on a micron scale, surface-trapped electrons and holes within particles 

and aggregates were distinctly separated. The influence of Rh as a cocatalyst was evident, marked by 

a change in electron dynamics compared to Ga-LTCA alone. Notably, 70-80% of the electrons 

followed an alternative route involving trapping at Rh sites, which resulted in a prolonged lifetime. 

Despite the Rh deposition being optimized, there remains a potential for enhancing the cocatalyst 

effect by 20-30%. Through this approach, we gained a comprehensive understanding of how 

cocatalysts influence carrier behavior in various photocatalytic particles and films. This knowledge 

can guide the optimization of a blend of different materials, such as the overall photocatalytic 

substances, the quantity of cocatalysts, and defect passivation strategies.
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A common preparation method, anti-solvent processing, involves nucleation and growth. An 

anti-solvent rapidly removes the solvent from a solution containing perovskite precursors, leading to 

crystal grain formation. Controlling grain structure is critical for high-efficiency solar cells, 150,151 yet 

the impact of grain boundaries remains a topic of debate, with some studies suggesting they extend 

charge carrier lifetimes152 and others indicating they promote recombination. 153

We applied the PI-PM method to methylammonium lead iodide (MAPbI3), a well-known 

perovskite material, to investigate the dependency of charge carrier response on its structure. An MAI-

rich MAPbI3 sample was prepared, considering various studies on the optimal PbI2 and MAI ratios for 

maximizing PCE. The role of MAI, however, is still debated, with conflicting views on whether it acts 

as a recombination center or a passivation layer.

Figure 25 displays a sequence of refractive index change images (0 ns – 10 µs) in a MAPbI3 film 

using the PI-PM method. The photo-irradiated areas showed contrasting images due to photo-excited 

charge carriers. Initially, these contrasts strengthened, then gradually faded over several microseconds. 

We used Fourier transformation to analyze image intensity variations, revealing averaged transient 

responses. The decay in these responses is attributed to charge carrier recombination. The process 

occurring in less than 10 nanoseconds is less clear but is thought to involve charge trapping during 

transport/diffusion, followed by recombination.

Charge carrier behaviors were categorized through clustering analysis. 86 Figure 26 shows these 

categorized mappings and average responses, with two groups exhibiting rise-decay curves of varying 

intensities, indicating differences in photo-excited carrier densities. A third category with little or no 

response was also identified, typically in areas 5-10 µm in diameter. By overlapping the category map 

with microscopic film surface images, a clear correlation between surface structure and charge carrier 

responses was established, with Category 2 representing transitional regions between the other two. 

This suggests that categories with less or no photo-excited charge carriers occupied some regions.
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intermediates over periods ranging from nanoseconds to microseconds.
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freely within the layer. This characteristic of long-lasting, mobile holes in P3HT may offer advantages 

for enhanced photoconversion efficiency compared to other HTLs.

4. Conclusion

Pattern-illumination time-resolved phase microscopy (PI-PM) is a technique used to study the 

dynamics of photo-excited charge carriers in materials. It involves illuminating a sample with an 

arbitrary light pattern and imaging the refractive index change caused by the photo-excited charge 

carriers using phase-contrast imaging. The PI-PM method provides information on the charge carrier 

dynamics with a high time resolution and can differentiate between different types of charge carriers. 

It has been applied to study various photocatalytic materials such as TiO2, Fe2O3, SrTiO3 and BiVO4 

films. The method is particularly useful for studying particulate semiconductor films, where the charge 

carrier dynamics differ from those in single crystals. PI-PM allows for the observation of non-radiative 

processes such as charge trapping and interfacial charge transfer, which are not easily detected by 

other time-resolved methods. This technique provides valuable insights into the optimization of 

photovoltaic and photocatalytic substrates, especially for understanding the active/inactive sites of the 

photo-devices.
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