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APPLICATIONS DE LA MICROSCOPIE À SONDE DE BALAYAGE 
MULTIDIMENSIONNELLE POUR LA CARACTÉRISATION DES PORTEURS DE 

CHARGE OPTOÉLECTRONIQUES DANS LES OXYDES MÉTALLIQUES 
 

Bugrahan GUNER 

 

RESUME 

 

La caractérisation et l'optimisation des porteurs de charge (par exemple, électrons, trous, ions, 
lacunes, etc.) dans des systèmes échantillons liés aux énergies renouvelables (en particulier les 
oxydes métalliques, c’est-à-dire les MOs) dépendent fortement de techniques de mesure 
adaptées à la bonne échelle physique (c’est-à-dire une résolution temporelle submicroseconde 
et une résolution spatiale à l’échelle nanométrique) ainsi que de méthodologies appropriées. 
Des techniques avancées de microscopie à sonde de balayage (SPM), telles que la microscopie 
à force atomique résolue en temps (tr-AFM) et ses variantes uniques/personnalisées, sont 
utilisées pour révéler les tendances de migration et les caractéristiques de ces porteurs en 
fonction de diverses conditions. Dans ce travail, des configurations AFM personnalisées et des 
techniques de mesure spécifiques sont utilisées pour révéler quantitativement les propriétés 
électroniques des oxydes métalliques, telles que les différences de potentiel de contact (CPD), 
la dynamique des porteurs de charge, etc., dans le but d’optimiser la durée de vie des systèmes 
à base de MOs. En particulier, les propriétés de migration des porteurs de charge dans les 
oxydes métalliques (par exemple, TiO₂) en lien avec leurs tendances photocatalytiques, via des 
activités d’ingénierie des défauts et des caractérisations de surface, jouent un rôle crucial dans 
ces systèmes. Les propriétés des systèmes échantillons sont examinées sous plusieurs 
dimensions, où la température, l’emplacement et le temps constituent les axes principaux. Les 
lacunes d’oxygène induites par la lumière (PI-SOVs) créées par irradiation UV de surface 
jouent un rôle clé dans la modification de la dynamique des porteurs de charge dans les 
systèmes à base de MOs. En outre, les stimuli externes (par exemple, irradiation UV, 
impulsions de tension, etc.), les agents de surface (par exemple, le méthanol) et les interfaces 
diverses (par exemple, Au-TiO₂) ont été étudiés en détail afin d’approfondir l’analyse des 
caractéristiques clés de la dynamique des porteurs de charge telles que la mobilité, les 
constantes de temps, les énergies d’activation, les barrières de migration, ainsi que les 
dépendances spatiales et/ou historiques. 
 

Mots-clés: Microscopie à sonde de balayage (SPM), Microscopie à force atomique résolue 
en temps (tr-AFM), personnalisation des systèmes, différence de potentiel de contact (CPD), 
dynamique des porteurs de charge, lacunes d’oxygène de surface photoinduites (PI-SOVs), 
mobilité des porteurs de charge, barrières de migration 

 





 

 

MULTIDIMENSIONAL SCANNING PROBE MICROSCOPY APPLICATIONS FOR 
OPTOELECTRONIC CHARGE CARRIER CHARACTERIZATIONS OF METAL 

OXIDES 
 

Bugrahan GUNER 
 

ABSTRACT 

 

Characterization and optimization of charge carriers (e.g., electrons, holes, ions, vacancies, 
etc.) feature in renewable energy sample systems (particularly metal oxides, i.e., MOs) heavily 
rely on the right physical scale (i.e., submicrosecond time resolution and nanometer scale 
distance resolution) measurement techniques and correct methodologies. Advanced scanning 
probe microscopy (SPM) techniques like time-resolved atomic force microscopy (tr-AFM) and 
its unique/customized variants are utilized to reveal migration tendencies and characteristics 
of these carriers. In this work, customized AFM setups and measurement techniques are used 
to quantitatively reveal electronic properties of metal oxides, like contact potential differences, 
charge carrier dynamics, etc., to optimize the lifetime of MO-based systems. Particularly, the 
charge carrier migration properties of metal oxides (e.g., TiO2) for their photocatalytic 
tendencies through defect engineering activities and surface characterizations play a significant 
role in these systems. Sample system properties are investigated from multiple dimensions, 
where temperature, location, and time are the main variables. Photoinduced surface oxygen 
vacancies introduced with ultraviolet surface irradiation played a key role in the alteration of 
the charge carrier dynamics in MO systems. Additionally, external stimuli (e.g., ultraviolet 
irradiation, voltage pulses, etc.), surface agents (e.g., methanol) and different interfaces (e.g., 
Au-TiO2) were explored to extend the investigation of key charge carrier dynamics features 
like mobilities, time constants, activation energies, migration barriers, distance and/or history 
dependencies. 
 
Keywords: Scanning probe microscopy, Time-resolved atomic force microscopy, system 
customization, contact potential difference, charge carrier dynamics, photoinduced surface 
oxygen vacancies, charge carrier mobility, migration barriers 
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INTRODUCTION 

 

The pursuit of the fundamental understanding of nature through investigating why materials 

behave the way they behave has always been a cornerstone interest of humanity. This interest 

actually stretches back to ancient times. Around the 5th century BCE, Democritus came up with 

the idea of “atoms” as the building blocks of matter in northern Euro-Asia, which is modern-

day Turkey. His statements regarding atoms being small, inseparable and solid particles were 

a revolutionary idea for his time, although being proven wrong many centuries later. The main 

transition from thought experiments to actual empirical attempts to investigate the fundamental 

particles in our universe was only possible with deeper understanding of mathematical 

formulations/techniques and through the contributions of many special individuals.  

 

From ancient philosophy to medieval age alchemy practices, until the birth of modern 

chemistry with Robert Boyle [1] in the 17th century, the concept of elements was a vague topic 

in the science world. In continuation, building up concepts like conservation of mass through 

Lavoisier’s work [2] and the law of definite proportions by Proust [3], John Dalton [4] was the 

first person to come up with a scientific atomic theory in the 19th century. Following him, J.J. 

Thomson [5], Ernest Rutherford [6], and Niels Bohr [7] revolutionized our understanding of 

matter and the actual “building blocks” of them. Advancement of science in the upcoming 

century shifted the exploration from understanding the “atoms” and their structures to actually 

visualizing and manipulating them with the rise of “quantum mechanics”. [8]  

 

The groundbreaking achievement in this sense was the invention of Scanning tunneling 

microscopy (STM) in 1981 [9], which is based on quantum tunneling, that won Gerd Binnig 

and Heinrich Rohrer their Nobel prize in 1986. Together with STM, atomic force microscopy 

(AFM) [10], which was invented 5 years after STM by Gerd Binnig, Calvin Quate, and 

Christoph Gerber completely changed the game and revolutionized the probing microscopy 

field that opened countless new horizons in the scientific world and also the reason behind all 

the work in this thesis. In the upcoming decades after the invention of STM and AFM, the 
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ability we gained in terms of manipulating and optimizing the matter at the atomic scale led us 

to a nanoscale reality, where our macroscopic world almost completely dived into a new path, 

evolving each day and unlocking countless possibilities for research in energy and 

semiconductors, materials science and surface engineering, biotechnology and hopefully 

newly emerging fields like quantum computing, metamaterials and many others. 

 

In this context, the work presented in this thesis is a continuation of the evolution in the last 

three decades in scanning probe microscopy (SPM) field for investigating material properties 

from a multidimensional perspective. Various sample systems that can be included in this quest 

are narrowed down to renewable energy-applicable materials such as metal oxides (MOs) (e.g., 

TiO2). Due to the versatile nature, flexible and optimizable properties of MOs, they have a 

wide range of applicability primarily for renewable energy applications (e.g., batteries, solar 

cells, etc.), sensing, and biological applications. [11-16]  

 

From the renewable energy perspective, solar-driven sustainable and renewable energy 

solutions can be prominent replacement options for the highly utilized fossil fuel options that 

will fail against the supply/demand in the upcoming decades. [17-21] Also, the destructive 

effects of excess fossil fuel dependency on the environment makes the transition inevitable. 

[22, 23] TiO2 as a MO serves in sample systems that are widely utilized in various renewable 

energy and solar-driven applications that can be the cornerstone of this transition. [24-27] In 

photocatalytic applications like photoelectrochemical (PEC) water splitting, [28, 29] hydrogen 

productions, [30] CO2 reductions, [31] electron transport layer in perovskite solar cells, [32] 

lithium-ion batteries [33] and supercapacitors, [34] TiO2 plays a pivotal role from a 

nanomaterial engineering perspective. 

 

The use and efficiency of MOs, specifically TiO2, in renewable energy applications can be 

optimized and enhanced for their targeted sample properties (e.g., electrical, chemical, 

mechanical). [14, 35-37] Multidimensional investigations like thermodynamically driven 

intrinsic properties (e.g., contact potential difference (CPD) measurements) and defect 

engineering activities such as charge carrier dynamics research are necessary perspectives for 
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understanding and characterizing the effects of surface defects for further charge transfer and 

migration investigations in many photocatalytic and/or energy applications. [35, 38-42]  

 

Charge carriers are reactive and mobile charged particles that mainly facilitate conductivity 

and energy transfer within a material system. [14, 35, 41, 43, 44] These carriers play an 

important role in charge migration, transfer, storage, and photocatalytic efficiency. [45-50] For 

this purpose, measuring the migration of charge carriers against highly reactive surface defects 

such as photoinduced surface oxygen vacancies (PI-SOVs), which are indigenous to many 

MOs, has been a long-term effort. Theoretically, it has been postulated that charge carriers can 

alter significant material properties like mobilities, time constants, activation energies, 

migration barriers, distance and/or history dependencies, etc. [14, 35, 41, 43, 44] However, 

existing knowledge of migration dynamics is macroscopically volume and/or time-averaged at 

scales that are orders of magnitude larger than the governing physical dimensions (i.e., 

nanometers, milliseconds). [51-56] Such macroscopic averaging is a fundamental problem in 

nonequilibrium thermodynamics and engineering applications, as it obscures a deeper 

understanding of the basic atomic scale principles that govern diffusive dynamics. The main 

question answered in this work is “Is it possible to characterize and measure the charge carrier 

dynamics for MOs under representative physical scales and conditions without compromising 

any valuable information?”.   

 

As a subbranch of AFM, time-resolved atomic force microscopy (tr-AFM) is a key 

methodology that can be utilized to solve the scale inadequacy in charge carrier 

characterization and optimization attempts. [41, 43, 57] Existing tr-AFM theories and methods 

are not sufficient on their own without the inclusion of necessary hardware and software 

capacities, as well as the combined experimental structures. Specialized and enhanced tr-AFM 

methods and measurement techniques are utilized for used for examining both fast (i.e., 

electrons) and slow (i.e., holes) charge carriers under multivarious conditions in this thesis to 

find an answer to the abovementioned inquiry.  [38, 40, 58-60] 
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Chapter 1 discusses a brief history of the research question, connects the dots in the existing 

literature while emphasizing the missing points and know-how that triggered this research to 

its full extent. It puts profound context on why this investigation and the respective work was 

necessary. Chapter 2-6 are the progressive works that are published as peer-reviewed journal 

articles. [38-40, 60, 61] These articles demonstrate the fruitful outcomes of the research and 

how step-by-step we achieved a comprehensive understanding and an extensive measurement 

capacity to examine charge carrier dynamics from a multidimensional perspective. The final 

section puts a conclusion on the work and proposes future work to enhance and further the 

current understanding and know-how we gained for the respective research.  

 

 



 

 

CHAPTER 1 
 

LITERATURE REVIEW 

1.1 Atomic Force Microscopy (AFM) 

1.1.1 Fundamental AFM Modes & Their Working Principles and Limitations 

Atomic force microscopy (AFM) is a powerful tool that can be adapted for multidimensional 

research under various ambient and experimental conditions. The ability to operate in liquid, 

air, or vacuum conditions for a wide range of temperatures broadens the application spectrum 

of the method. [10, 62-70] In addition, the susceptibility and adaptivity of the method for 

combining it with external stimuli (e.g., voltage pulses, ultraviolet irradiation, etc.) creates 

opportunities to portray and investigate wide-range physical phenomena. [35, 38, 40, 41, 60, 

61] 

 

Historically, major AFM techniques can be examined in two main groups, static mode (i.e., contact 

mode) and dynamic mode AFM. [10, 63, 71] The first method, contact mode AFM, relies on a 

constant contact procured between the cantilever tip and the sample surface, which creates several 

complications during the feedback. Gathered information cannot get ahead of being an averaging 

for the tip-sample interaction, since the contact area between the tip and the sample remains as a 

finite surface throughout the process. This situation prevents the users from obtaining information 

about the behavior of individual atoms, which is vital for furthering the optimization and 

engineering of different sample systems. 

 

Chronologically, the first dynamic AFM method was amplitude modulation atomic force 

microscopy (AM-AFM). [10, 72] This method is based on the modulation of the oscillation 

amplitude of the cantilever during the measurement under ambient conditions for extracting 

topographic information from the sample surface. The AFM cantilever is driven by an attached 

piezo, which is controlled by a user-applied voltage. As shown in Figure 1.1, the cantilever has a 
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natural resonance frequency of “ݓ୭”, and the frequency it is driven at is “ୢݓ”, which is close to ݓ୭. Excluding any surface interaction with the sample, the cantilever has a constant oscillation 

amplitude based on the harmonic oscillation principle. Once the cantilever is close enough to 

the surface as the tip-sample interaction forces (e.g., van der Waals, electrostatic, etc.), their 

effects result in a shift in the resonance frequency of the cantilever from ݓ୭ to ݓ୭ᇱ . This shift 

results in the oscillation amplitude to change as well. The utilized controller detects this shift 

and adjusts how far our tip is from the sample surface (i.e., tip height) to keep the oscillation 

amplitude constant. This change implemented in the oscillation amplitude, “Δܣ”, is used to 

map the surface from the most simplistic understanding. Once the interaction is going to be 

converted to the tip-sample interaction forces, as the main oscillation principle of an AFM 

cantilever, the damped harmonic oscillation principle must be visited.  

 

 

Figure 1.1 Oscillation amplitude and resonance frequency relation for an AFM cantilever 
Taken from T. R. Albrecht et al. (1991) [72] 

 

Another significant concept in the AM-AFM method is the quality factor “Q” of the used 

cantilever. Q is a measure of cantilever oscillation efficiency, which is related to the sharpness 

of the resonance curve and is defined by the ratio between ݓ୭ to the full width at half maximum 

(FWHM) of the resonance peak from an amplitude vs. frequency curve like the one shown in 

Figure 1-1. [62, 73-76] The minimum measurable force with the cantilever is directly related 

to this metric, since as sharp as the amplitude vs. frequency curve is (i.e., as large as the Q is), 

small changes in the tip-sample interaction force start to demonstrate larger deviations in ܣ. 

The stability of the cantilever depends on the opposite principle, where a broader resonance 
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peak results in a higher stability and hence faster imaging/measuring opportunity. There is a 

significant trade-off between cantilever sensitivity and the cantilever bandwidth based on the 

sensitivity-stability spectrum. This relation is the main limitation of AM-AFM and is explained 

in equation 1.1. [72] 

 

  ߬௖ =  ଶொ௪౥ (1.1) 

 

In equation 1.1,  ߬௖ is the time constant of the cantilever oscillation (i.e., cantilever response 

time). In this equation, a higher Q value or a lower ݓ୭ value results in a higher response time 

for the cantilever. The main issue in AM-AFM based on the equation is higher Q cantilevers 

takes a longer time to respond to changes in frequency, even though the sensitivity is increased. 

Hence, the time resolution of detectable events is hampered due to the mechanical limitations 

of the cantilevers.  

 

Additionally, potential tip instabilities and amplitude drops due to the inconsistencies at the 

slight contact between the cantilever tip and sample surface may damage the overall vibrational 

stability of the setup, which is critical depending on the nature of the research. Thus, to 

overcome the stated drawbacks, the second dynamic AFM method, which is the frequency 

modulation atomic force microscopy (FM-AFM) and methods built on this mode are required 

for the works in this thesis. Figure 1.1 can be used for visualization of the following principle 

of FM-AFM. [72] The primary variables of an oscillation are amplitude and frequency. In AM-

AFM, changes happening to the oscillation were tracked with the change in the amplitude of 

the cantilever’s oscillation. However, as explained above, this case is not as sensitive and 

“instantaneous” enough to capture desired physical phenomena. In FM-AFM, the oscillation 

amplitude is kept at a constant level for the cantilever, where the drive voltage is adjusted and 

the system actively “tracks” resonance. The change in cantilever oscillation frequency, Δݓ, is 

the dynamic parameter that is influenced by the external effects and changes. The value of this 

change, Δݓ, is the direct outcome of the tip-sample interaction forces (e.g., van der Waals, 

electrostatic, etc.), and the respective force gradients. As the frequency shift is an 
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“instantaneous” phenomenon, there is no mechanical limitation and thus the achievable time 

and event resolution are significantly improved with the FM-AFM-based methods. 

 

FM-AFM control algorithm depends on several feedback loops. [61, 72] The method is based on 

controlling the frequency/phase feedback loop and oscillation amplitude feedback loop 

simultaneously for recording the frequency shift changes at a constant oscillation amplitude. The 

amplitude of the oscillation is controlled for a fixed value and always adjusted by a PID control 

loop, where the drive voltage is adjusted to keep it at the desired value. For the control of the 

oscillation frequency in FM-AFM applications, however, a phase-locked-loop (PLL) is required. 

PLLs are customized PID controllers combined with a phase comparator and a voltage-controlled 

oscillator (VCO). PLLs are generally used when the phases of the generated output signal and the 

input signal are correlated with each other as is the case for FM. Additions of a phase comparator 

and a VCO enable the controller to work in correlation to a phase difference between two signals, 

which is vital since a 90-degree phase difference between the excitation and oscillation signals of 

the cantilever is required for FM-AFM. [61, 62] 

 

For the fixed oscillation amplitude in the cantilever’s oscillation, simultaneously a PLL 

continuously adjusts the ୢݓ, so the new resonance peak is followed by the system and the 

difference between the frequency of cantilever’s actual oscillation and the resonance 

frequencies (ݓ୭ −  is kept at the same predefined value. This adjusted difference, also (ୢݓ

known as the resonance frequency shift, Δ ଴݂, is the main variable of the oscillation which is 

capturing the physical phenomena occurring on the sample surface. Tip-sample interactions 

and their influence cause the value Δ ଴݂ to change and the quantitative change in this value can 

be converted into many features like the tip-sample interaction forces, potential energies, time 

constants, etc.  

 

For the work in this thesis, most of the required measurement methods were based on FM-

AFM techniques (vide infra). Hence, the utilized system required to have FM-AFM capacity. 

As the existing AFM setup available did not have the FM capacity, a detailed enhancement 

and upgrade procedure was implemented to gain the necessary features and perks. With the 

necessary software and hardware implementations, it is possible to convert a contact 
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mode/AM-AFM setup into a customizable FM-enabled system. In Chapter 2 of this thesis, the 

respective published journal article is presented in detail. 

 

1.1.2 Traditional Time-resolved AFM Method 

One of the pioneer ideas for a “time-resolved” AFM method, time-domain electrostatic force 

microscopy, was implemented by Schirmeisen [57] and has been successfully implemented for 

various transport mechanisms over Li, Na and K ions. The technique was based on a similar 

idea and was the fundamental version of the time-resolved AFM (tr-AFM) methods were 

utilized in this thesis. tr-AFM and its versions are based on the generation of an electrostatic 

interaction between the cantilever tip and the sample surface. [35, 41, 43, 58, 59]  

 

The main purpose of these methods is to investigate electrically charged particles (e.g., charge 

carriers) for their migration dynamics, tendencies and behaviors as it is explained in detail 

within the upcoming sections (vide infra). A designated bias pulse (i.e., a timed voltage pulse) 

is applied between the conductive (e.g., gold-coated) cantilever tip and the sample surface once 

the cantilever is at the proximity of the surface while still being away for a defined separation. 

Given pulse results in a coulombic interaction, which creates a time-dependent electric field 

within the tip-sample space. Any change happening in the electrical interaction and/or 

electrostatic force between the sample system and the cantilever is captured by the changes in 

the resonance frequency shift, Δ ଴݂, of the cantilever’s oscillation. The procured electrostatic 

field is directly correlated with the electrostatic tip-sample interaction force. Equation 1.2 

demonstrates the relation between the internal electric field, (ݐ)ܧ, and the decay behavior of 

the charge carriers. The obtained relation follows a stretched exponential decay model from 

the mathematical aspect. [35, 41] 

 

(ݐ)ܧ  ∝  ݁(ష೟ഓ∗)ഁ  for t > tc (1.2) 

 

In equation 1.2, (ݐ)ܧ is the time-dependent internal electric field, ߬∗ is the effective time 

constant, ߚ is the stretching factor and tc is the cutoff time which is in picoseconds. For the 
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relaxation models in materials, cutoff time, tc, is defined as the smallest time interval until the 

relaxation dynamics of individual particles (e.g., atoms, molecules, carriers, etc.) are not 

significantly influenced/altered through their interactions with neighboring particles. [35, 41] 

Hence, for times shorter than tc, relaxation behavior was expressed as it was dominated by the 

intrinsic properties of these particles, i.e., these particles act independently through the 

influence of their fundamental vibrational, rotational, etc., properties. At time scales longer 

than this cutoff point, particle interactions start to take place as the nearby particles start to 

have an influence on others, as well as developing a cumulative effect. Models known as the 

coupling model [77, 78] and the jump relaxation model [79] explain this phenomenon through 

different approaches, which yield the same fundamental point in the traditional tr-AFM 

understanding.  

 

In light of these models and the nature of physical interaction, mathematical modelling of the 

decay behavior of electrically charged particles under the time-dependent electric field can be 

expressed in the form of the frequency shift of the cantilever as in equation 1.3. Δ ଴݂ is the 

initially obtained resonance frequency shift for the cantilever’s oscillation at t = 0 seconds, Δ ௦݂ 
is the saturated frequency shift (i.e., additional frequency shift occurring as the system relaxes) 

with the stretched exponential decay behavior embedded in its change. 

 

 Δ݂(ݐ) = Δ ଴݂ + Δ ௦݂ ݁(ି௧ఛ∗ )ഁ (1.3) 

 

Replacing reaction rates for relaxation process, Arrhenius law [80, 81] is used to explain the 

resultant time constant of the particle relaxation process as measured in tr-AFM. Equation 1.4 

shows the relation between the relaxation time constant, ߬∗, as a function of temperature based 

on the Arrhenius law. 

 

 ߬∗ =  (߬௘௙௙∗)  ݁ ாೌ∗௞ಳ் 
(1.4) 

 



11 

In equation 1.4, ߬௘௙௙∗ is the effective attempt rate for Arrhenius-like models, ܧ௔∗ is the 

effective activation energy for charged particles in the sample system, ݇஻ is the Boltzmann 

constant and ܶ  is the temperature of the sample. One can express the effective activation energy 

for the collective particle motion to retrieve the equivalent single particle migration barrier as 

in equation 1.5, where  ܧ௔  is the migration barrier for single particle motion and ߚ is the 

stretching factor for the charge carrier relaxation motion. [77, 78] 

 

௔ܧ   =  (1.5)  (ߚ)(∗௔ܧ) 

 

Further discussion regarding the conventional tr-AFM methodology, setup (i.e., hardware and 

software implementations), and measurements are discussed in the upcoming sections of this 

thesis under the respective journal articles presented in Chapters 2-6. 

 

1.1.3 Submicrosecond Time-resolved AFM Method 

Traditional tr-AFM is a powerful method for investigating electrically charged particles within 

a sample system. However, the explanation power for the method is limited through the 

feedback control speed of the control architecture. [43, 57, 72] Although FM-AFM-based tr-

AFM provides almost an “instantaneous” capturing capacity for charged particle dynamics, 

how fast the cantilever height and resonance frequency shift is adjusted is the limiting factor 

against this ability. The feedback loop introduces a lag, which hinders the submicrosecond 

time-scale measurement abilities of the method. Additionally, frequency demodulation 

required for the control loop smooths out the transient effects which could carry useful 

information regarding faster time-scale particle motion. The overall issue created here is, that 

the lowest time-resolution of the traditional tr-AFM is still could be larger than certain 

electrically charged particles of interest. 

 

Theoretically postulated works of Giridharagopal et al. [59] and Karatay et al. [58] introduced 

an idea for a feedback-free approach for bypassing the feedback response lag within the 

traditional tr-AFM idea, while simultaneously introducing “subcycle electrostatic force 
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microscopy” methodology, where one can obtain submicrosecond time-scale resolution and 

accuracy. Procuring time-resolution down to low nanoseconds level introduces new 

possibilities for accurate measurement of microsecond-submicrosecond physical phenomena. 

Utilizing a feedback-free approach relies on capturing the tip-sample interaction through 

another data channel. Thus, the oscillation signal of the cantilever is digitized at a high 

sampling rate for this purpose and undergoes various averaging, numerical filtering (e.g., 

Butterworth) and mathematical transformations (e.g., Hilbert transform). Eventually, the 

necessary instantaneous frequency shift for the cantilever is retrieved for the examined tip-

sample interaction and the physical phenomenon behind it. 

 

Details of the empirical implementation and enhanced realization of these methods are utilized 

within the journal article presented in Chapter 5 of this thesis. 

 

1.2 Metal Oxide Sample Systems 

1.2.1 Electronic Structure of Metal Oxides and Their Implementation Capacity for 

Scanning Probe Microscopy Investigations 

Metal Oxides (MOs) are widely utilized sample systems with extensive use in different fields, 

most commonly for renewable energy applications (e.g., batteries, solar cells, etc.), sensing, 

and biological applications. [82-88] Their versatility and functionality make them suitable for 

photocatalysis and energy transport/storage applications. Their electronic structure is 

investigated over the foundation governing charge carrier behaviors and tendencies, their 

optical absorption capacities and conductivity under the right circumstances. To utilize these 

sample systems efficiently, a fundamental understanding of their intrinsic and extrinsic 

features, their band structures and defect and/or dopant influences is critical. [15, 37, 89, 90] 

 

Semiconductor MO systems (e.g., TiO2) possess a special band structure. [91, 92] Electronic 

states are divided between a valence band (VB), and a conduction band (CB). The difference 

between the maximum of the valence band and the minimum of the conduction band makes 
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the bandgap for the semiconductor. Electron excitation from VB to CB is only possible with 

photons with energy levels equal to or higher than the bandgap level. Thus, the level of the 

bandgap, with respect to the type of bandgap is directly related to the optoelectronic properties 

of the sample systems. Photoexcitation and/or external voltage-based VB to CB electron 

transitions are fundamental to many processes like photocatalysis and electrochemistry, as it 

is within the scope of this thesis. 

 

Different types of bandgap structures are bound to different implementations based on the 

physical tendencies in these systems. Energy separation levels between VB and CB are higher 

in wide bandgap structures (typically ܧ஻ீ > 3 ܸ݁) and hence higher energy photon 

absorptions (i.e., photons in UV-range) are commonly needed for the required excitation. [93, 

94]  

 

As a wide bandgap MO, TiO2 is a worthy candidate for building tr-AFM-based measurement 

techniques and methods for charge carrier investigations based on several material features. 

[93, 94] It is suitable for UV-light-driven photoexcitation applications, where generation of 

electron-hole pairs under this irradiation and the introduction of photoinduced vacancies to the 

sample surface is possible. The low intrinsic charge carrier concentration of TiO2 sample 

systems amplifies the influence of surface defects and vacancies over the mobility and motion 

of these particles, which is significant for the optimization attempts for their migration 

dynamics. 

 

UV-range irradiations result in surface vacancies (e.g., photoinduced surface oxygen vacancies 

(PI-SOVs)) that can act as charge carrier traps and/or donors, which is vital for examining 

defect-influenced charge transport optimization methods. [95-101] These defect states are both 

stabilizable and reversible under correct circumstances and enables a profound reaction 

characterization for the PI-SOV introductions and charge carrier excitations.  

 

TiO2 consists of various electrically charged carriers (e.g., holes, electrons, ions etc.) acting at 

different time scales (i.e., fast and slow time scales). [38] Observing both slower and faster 
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recombination and migration mechanisms for charge carrier dynamics is critical for building 

instrumental methods to quantify and characterize their influences over the electronic features 

of the sample systems.  

 

Additionally, TiO2 has thermodynamically driven intrinsic tendencies based on doping and 

vacancy formations. [35, 41] Thus, it demonstrates variations in its properties as a function of 

temperature even without any phase change over the sample surface. Phase transformation 

aspect of TiO2 is a tunable property on a structural basis and is a requirement for stability at 

device/application levels. [39, 102, 103] Hence, as an important dimension to the 

optoelectronic optimization works for these sample systems, temperature-dependent behaviors 

at nanoscale have been a point of interest.  

 

One of the significant examples of these temperature-dependent features is the work functions 

of sample systems and coated cantilevers. Work function is the minimum energy requirement 

for removing an electron from a material surface to the vacuum level. [91, 104, 105] It is an 

important intrinsic property that can vary from sample to sample and even from surface to 

surface and/or defect site to defect site over the same material system. Various SPM methods 

like scanning tunneling microscopy (STM), atomic force microscopy (AFM), kelvin probe 

force microscopy (KPFM), are sensitive to the variations of the work functions and their 

differences. If the work function differences between the sample and the cantilever when they 

are at proximity (i.e., contact potential difference (CPD); a.k.a volta potential [39, 106]) are 

not characterized or known against the varying environmental conditions (e.g., temperature, 

etc.) measurement issues arise.  

 

For STM, uncontrolled or tracked CPD changes result in tunneling barrier alterations, local 

ban bending problems and spectroscopy issues. For KPFM, the whole method is based on the 

measurement of these differences and mapping material properties respectively. For AFM, 

specifically for the electrostatic and optoelectronic investigations like the charge carrier 

studies, quantification of the measured tip-sample interaction forces, correlated frequency 

shifts and many outcomes are altered and hindered. Potential temperature-dependent variations 
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may affect charge carrier distributions and interfacial charge migration dynamics, shift Fermi 

levels and alter external electric fields. Thus, the ability to characterize intrinsic doping-based 

material features like CPD variations under external influences and unique to the sample 

system is vital. It is possible to characterize these properties with SPM-based measurement 

techniques and build a foundation for the extensive tr-AFM method developments. [39, 61] 

 

1.2.2 Charge Carrier Dynamics and Their Characterization in Metal Oxides 

1.2.2.1 Charge Carrier Transport Mechanisms in TiO2 

Charge carriers are electrically charged particles (e.g., electrons, holes, ions, vacancies, etc.)  

that influence and alter the electronic properties of semiconductor metal oxides (e.g., TiO2). 

[91, 92, 104] Their transport mechanisms are mainly based on either drift or diffusion 

mechanics. [107, 108] These mechanics as a result of the carrier concentrations are highly 

dependent on surface defects.  

 

Drift transport is based on the movements of these charged particles under an applied external 

electric field. Diffusion transport on the other hand is based on carrier concentration gradients 

and generally anisotropic (directionally dependent; based on Einstein’s random walk [109]) 

rather than a continuous diffusion based on the classical Fick’s Law. [110, 111] For n-type 

semiconductors like TiO2, surface oxygen vacancies as carrier donors, localization effects, 

trapping mechanisms and diffusion characteristics of both surface oxygen vacancies and 

photoexcited carriers have a direct influence on the charge carrier mobilities. [35, 38, 60, 95-

98]  

 

Under representative conditions, both transport mechanisms are observed for a TiO2 sample 

system, where the stronger influence over the measured migration behaviors and tendencies 

are based on the external effects like applied external electric fields and surface irradiation-

based vacancy generations. Overall, controlled charge displacement requirement in different 

applications (e.g., transistors, memristors, etc.) require a drift transport dominant charge carrier 
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motion, where the diffusion features like diffusion length, relaxation times and collectivity of 

charge motions are critical for charge separation and storage activities. [107, 108] 

 

1.2.2.2 Influence of Surface Defects on Charge Carriers 

Most influential surface defects in TiO2 for charge carrier dynamics are the surface oxygen 

vacancies (V୭) as they influence charge carrier mobilities, recombination and trapping 

mechanisms and transport/storage efficiencies. [112-115] These vacancies exist with and 

without external influences either due to intrinsic thermodynamic and kinetic features or 

external stimuli like UV irradiation. They have multiple possible charge states (V୭଴, V୭ା,V୭ାଶ, 

and V୭ାଷ), where the most favorable one is V୭ା based on former theoretical work with the most 

significant influence on the conductivity of the TiO2 sample systems. [35, 41] Defect densities, 

formation energy and sample conductivity play important roles on the systems’ tendency to 

favor one charge state to others. [112-115] 

 

Dynamic interaction of V୭, as well as the possibility to tune and control their introduction to 

the system through optical manipulations (i.e., UV irradiation generated PI-SOVs). High-

energy UV photons are proven to eject oxygen atoms from the sample surface and introduce 

PI-SOVs to TiO2 surface. [42, 48, 93, 104] PI-SOVs can alter electric potential landscapes, 

introduce charge traps and recombination centers for charge carriers. They can be tuned for 

various metal interfaces (e.g., TiO₂/Au), [38] environmental conditions (e.g., temperature 

variations) [39] and photocatalytic surface agents (e.g., methanol). [40] These conditions 

propose strong pathways to quantify and optimize the charge carrier migration dynamics from 

a defect engineering point of view. 

 

1.2.2.3 Existing Deficiencies and Limiting Factors for Charge Carrier Dynamics 

Quantification and Characterization 

Despite the significant and numerous attempts to characterize and optimize the charge carrier 

dynamics properties in MO systems, existing methods remain insufficient for explaining the 
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charge carrier migration and transport phenomena with high-end temporal and spatial 

resolution. Traditional techniques, while significantly valuable for various purposes in material 

characterization, mainly suffer from two issues. These methods are either macroscopically 

volume and/or time-averaged at scales that are orders of magnitude larger than the governing 

physical dimensions (i.e., nanometers, microseconds) or lack the capacity to simultaneously 

isolate and quantify the local charge migration tendencies at nanometer and submicrosecond 

scales simultaneously. [51-56] 

 

Raman spectroscopy is one of the strongest optical methods to gain insights into charge carrier 

recombination, phonon-carrier interactions and significant defect generations in materials. [44, 

116] It is commonly used to examine oxygen vacancies and “indirectly” tracking the charge 

carrier localizations, as it is not designed to directly track electronic motion of these particles, 

in sample systems. [13, 44, 116] The main drawback to Raman methods is the achievable 

spatial resolution, which is diffraction limited and generally orders of magnitude larger than 

the SPM methods. Thus, spatial characterization of localized charge carrier migration 

tendencies and patterns is not directly feasible. Additionally, the achievable time resolutions 

are limited and insufficient to track sub-microsecond carrier recombination or trapping events. 

[117] 

 

Photoluminescence (PL) spectroscopy is another significant method used to measure charge 

carrier recombination and trapping states. [118] It is based on photoexcitation, where the 

radiative recombination is captured through emitted photon detections. However, it is possible 

for the charge carriers to recombine through both radiative and nonradiative paths. [119] It is 

a critical drawback for the PL spectroscopy method when it comes to investigating defect and 

trapping effects over these paths for MO systems like TiO2. In addition to suffering from real-

time temporal resolution and capturing power, similar to Raman methods, the spatial resolution 

of PL spectroscopy, where the averaging of the spatial resolution is more drastic and a couple 

of magnitudes larger than the attainable levels in SPM techniques. [120, 121] 
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Electrochemical Impedance Spectroscopy (EIS) is a method that can be utilized to investigate 

similar charge carrier phenomena to SPM methods, where the mobility, storage (accumulation) 

and recombination features and tendencies of these particles, defect states and trapping sites, 

etc. are within the scope. [122] The method is sensitive to conductivity changes and can 

measure bulk properties for material systems. However, the locality of the measurements and 

the spatial resolution, as well as the ability to distinguish between bulk and surface charge 

transport phenomena are limited compared to SPM methods. Additionally, EIS, as it is not 

exactly a dynamic method, assumes a quasi-stationary system and the system evolution 

throughout an event may interfere with the ability of the method to capture fast time-scale 

events. [123, 124] 

 

In addition to the discussed methods, there are various conventionally accepted methods that 

can be countered against advanced SPM techniques for measurement activities. Methods like 

secondary ion mass spectrometry (SIMS), [125, 126] surface reactivity studies, [127] 

flexoelectricity, [128] hall effect measurements, [129] X-ray Photoelectron Spectroscopy 

(XPS), [130] X-ray Absorption Spectroscopy (XAS) [131] and even other traditional atomic 

force microscopy (AFM) methods like conductive AFM (c-AFM) [132, 133] can be used in 

attempts to characterize and optimize charge carrier dynamics but hindered due to various 

issues (i.e., necessary temporal and spatial resolution capacities, bulk measurement averaging, 

surface destructions, not having direct electronic property quantification, lacking data for 

charge migration and transport phenomena, etc.) 

 

Given the limitations in existing methodologies (vide supra) within the literature that are used 

to establish a fundamental understanding for transient charge carrier dynamics from a 

multidimensional perspective, techniques built over the foundation of AFM-based 

spectroscopy with time-resolved frame are necessary. tr-AFM offers wide-range abilities to 

quantify charge carrier dynamics with the possibility of high-resolution real-time data 

acquisition. Methods based on the tr-AFM idea can be utilized for examining migration, 

trapping, recombination and storage aspects of these carriers with respect to various external 

influences, environmental factors, surface chemistries and agents. [35, 38, 40, 41, 58-60] 
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To fully exploit the capacity of tr-AFM idea, it must be converted into a standardized and 

customizable tool with future enhancement capacity. This can only be procured with 

instrumental refinement for theoretical potentials and empirical realizations of various 

measurement combinations and possibilities. With its versatility, adaptivity, spatial precision 

and high temporal responsiveness, tr-AFM idea could be cornerstone technique in not only the 

abovementioned fields but in many others as well. Main issue with the method was the 

generalizability of the tr-AFM idea and its applicability to answer real physical problems. Goal 

of this thesis is to lay out a profound tr-AFM based physical characterizations for an existing 

gap in the literature, while developing and integrating enhanced tr-AFM measurement 

techniques with the high-end system characterization guidelines to eventually propose tr-AFM 

as a fundamental characterization tool. 

 

The following section in this thesis addresses the given problem at hand. Chapter 2 revolves 

around how to enhance and customize a basic AFM system without any advanced features to 

gain high-resolution measurement capabilities and application power for various time-resolved 

measurement techniques. [61] Chapter 3 focuses on how this system can be used to investigate 

intrinsic material properties under varying environmental conditions to disclose MO system 

tendencies. [39] Chapters 4-6 include high spatial and temporal resolution charge carrier 

dynamics investigations for demonstrating the potential of measurement techniques and 

methods developed over tr-AFM idea. [38, 40, 60] In these chapters, conducted works 

demonstrate realization of theoretically postulated fast scale tr-AFM methods for different 

interfaces, investigate surface agent and chemistry influences through traditional techniques 

and examine decades-old optical behavior inconsistencies in the literature.   
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2.1 Abstract 

Atomic force microscopy (AFM) is an analytical surface characterization tool that reveals the 

surface topography at a nanometer length scale while probing local chemical, mechanical, and 

even electronic sample properties. Both contact (performed with a constant deflection of the 

cantilever probe) and dynamic operation modes (enabled by demodulation of the oscillation 

signal under tip–sample interaction) can be employed to conduct AFM-based measurements. 

Although surface topography is accessible regardless of the operation mode, the resolution and 

the availability of the quantified surface properties depend on the mode of operation. However, 

advanced imaging techniques, such as frequency modulation, to achieve high resolution, 

quantitative surface properties are not implemented in many commercial systems. Here, we 

show the step-by-step customization of an atomic force microscope. The original system was 

capable of surface topography and basic force spectroscopy measurements while employing 

environmental control, such as temperature variation of the sample/tip, etc. We upgraded this 

original setup with additional hardware (e.g., a lock-in amplifier with phase-locked loop 

capacity, a high-voltage amplifier, and a new controller) and software integration while 

utilizing its environmental control features. We show the capabilities of the customized system 

 
 
1 Bugrahan Guner (2023, p. 063704) 
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with frequency modulation-based topography experiments and automated voltage and/or 

distance spectroscopy, time-resolved AFM, and two-dimensional force spectroscopy 

measurements under ambient conditions. We also illustrate the enhanced stability of the setup 

with active topography and frequency drift corrections. We believe that our methodology can 

be useful for the customization and automation of other scanning probe systems. 

 

2.2 Introduction and Background 

Atomic force microscopy (AFM) is a surface characterization method. [134] The key element 

in AFM is a sharp probe tip, attached to a force-sensing transducer. [70, 134] The tip is scanned 

relative to a sample while the resultant interaction force is measured. Mapping as a function of 

the sample position allows, in principle, imaging of surface structures. [62, 70] In addition, 

many other interactions, such as the local chemical and electrostatic forces, can be accessed. 

[135] Moreover, the ability to integrate different stimuli into AFM measurements (e.g., 

temperature dependence, ultraviolet irradiation, etc.) enables the investigation of diverse 

experimental effects. [35, 41] Chronologically, AFM operation can be grouped into two: static 

(aka, contact) and dynamic modes. [10, 70, 72] The contact mode of operation relies on the 

direct deflection measurement of the probe. [63, 136] With the knowledge of the force-sensing 

transducer’s (i.e., cantilever) spring constant, forces can be recovered directly. [136] For this 

reason, the contact mode is easy to operate, and the results are intuitive. However, the degree 

of locality is defined by the established contact area between the tip and the sample, which can 

be as many as hundreds of nanometer squares. [70, 137, 138] In addition, there are mechanical 

instabilities where the attractive tip–sample interaction overcomes the stiffness of the 

cantilever, also known as jump-in to contact. [139, 140] Dynamic operation modes have been 

introduced to resolve the limitations of the contact mode. [62, 70] The fundamental idea of the 

dynamic mode of operation relies on the demodulation of the otherwise harmonic oscillation 

of the cantilever to control tip–sample separation. [62, 70, 72] Amplitude modulation (AM) is 

one of the most widely used dynamic operation modes. [70] The AM is based on the 

demodulation of the oscillation amplitude and/or the phase difference between the excitation 

and the oscillation signals while driving the cantilever with a constant excitation signal. Only 
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one control loop is involved to control the tip–sample separation for the constant excitation 

signal in AM-AFM. [70, 73] For this reason, AM-AFM is relatively straightforward to use. 

Although the AM-AFM is easy to implement, it is mechanically limited, particularly under 

vacuum conditions. More specifically, the settling time of the oscillation amplitude is 

proportional to the quality factor of the cantilever. [72, 141] For this reason, due to the lack of 

viscous damping under vacuum conditions, the use of AM modulation is not feasible. In 

addition, mechanical instabilities and amplitude variations beyond the capabilities of existing 

AFM hardware hamper the use of conventional AM-AFM under vacuum conditions. [142] The 

alternative to AMAFM is frequency modulation atomic force microscopy (FM-AFM), which 

is based on the demodulation of the resonance frequency of the cantilever under tip–sample 

interaction. [62, 72] The FM-AFM eliminates the limitations of the AM-AFM; however, it 

requires a relatively complex control architecture as the excitation signal changes due to tip–

sample interaction. [62, 72, 142] FM-AFM is usually employed under vacuum conditions as 

the signal-to-noise ratio improves with a high-quality factor; however, it can also be used under 

ambient and even in liquid environments. [62, 73-76, 143-147] FM-AFM enables the 

measurement of tip–sample interaction forces with high resolution, i.e., piconewton in force 

and picometer in distance. [148-152] In addition, with recent advances in atomically 

engineered tips, it is possible to assess direct chemical characterization at distinct atomic sides. 

[150, 152-154] In addition to FM-AFM’s precise force and distance control, FM-AFM also 

overwrites AM-AFM with its potential for time-resolved measurements, where the tip–sample 

interaction force is measured as a function of time. [35, 41, 43, 57] Nevertheless, it has been 

theoretically shown and experimentally verified that the time resolution of FM-based 

measurements is not mechanically limited. [155-157] Here, we demonstrate the customization 

of a commercial atomic force microscopy system with new hardware and software integration. 

Although the initial setup, VEECO’s EnviroScope scanning probe microscope (SPM) with a 

NanoScope® IIIa controller, had user-friendly features (e.g., easy access to sample and tip and 

temperature control of the sample and/or tip), it was only capable of contact mode and AM-

AFM-based topography measurements and a primitive force spectroscopy ability. We 

implemented a phase-locked-loop, a high-voltage amplifier, and a new microscope controller 

for automated measurements with FM-AFM. We illustrate our customization with experiments 
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under ambient conditions. More specifically, we performed FM-AFM topography 

experiments, contact potential difference measurements, FM-AFM-based force spectroscopy 

measurements, time-resolved atomic force microscopy measurements, and two-dimensional 

force spectroscopy measurements across step edges. Although each commercial system has its 

own peculiarities (e.g., driving step motors for rough approach, ability to access all data signals 

as well as high-voltage signals, and camera connection for sample localization), similar 

upgrades/customizations are possible for many (commercial) systems. For this reason, we 

believe that our methodology will be useful for other scanning probe microscopes. 

 

2.3 Experimental Methods 

The initial system had a NanoScope IIIa controller, which is capable of contact mode and AM-

AFM-based topography measurements and primitive distance spectroscopy measurements, as 

Figure 2.1 illustrates. We employ this configuration for the initial approach to the sample (vide 

infra). This eliminates the necessity of the implementation of step motor drivers, a built-in 

camera, and a laser diode signal amplifier to the original system without sacrificing its 

performance (vide infra).  
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Figure 2.1 The illustration of the original control architecture of the microscope  

 

Figure 2.1 caption continued: We use the original hardware for the initial approach to the 

sample either with contact mode or with amplitude-modulation atomic force microscopy. For 

the dynamic mode of operation, the excitation signal, aexc is controlled/modulated by the 

NanoScope IIIa controller. The use of existing hardware eliminates the necessity of the 

implementation of step motor drivers, an amplifier for the laser diode, and a built-in camera 

for rough sample manipulation. 

 

As Figure 2.1 shows, the deflection signal is used as an input for the NanoScope IIIa controller, 

where it is demodulated to control tip–sample separation. As the NanoScope IIIa controller is 

incapable of demodulating the deflection signal for its resonance frequency shift, Δf0, the 

implementation of the additional hardware, i.e., a phase-locked loop (PLL), is essential. To 
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integrate any additional hardware, signals that go in and out of the microscope must be 

accessed. For this purpose, the Signal Access ModuleTM (SAM) was employed. As Figure 2.2 

demonstrates, the cantilever deflection signal is directed to a lock-in amplifier with a PLL 

capability (Zurich Instrument’s MFLI lock-in amplifier) to demodulate Δf0. The excitation 

signal, aexc, created by the lock-in amplifier, is also directed to the microscope with SAM (see 

APPENDIX I.A and I.B for details). With this configuration, it is possible to employ FM-AFM 

for topography imaging while using the NanoScope software (version V5.31r1). [158] 

Although this upgrade enables the FM-AFM imaging with the microscope, due to the 

limitations of the NanoScope software, the customization of measurements is impeded.  

 

 
 

Figure 2.2 The control architecture to enable frequency modulation atomic force microscopy  
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Figure 2.2 caption continued: The deflection signal has been accessed via the Signal Access 

Module (SAM). A lock-in amplifier with phase-locked-loop (PLL) capacity is employed to 

demodulate the resonance frequency shift of the cantilever, Δf0. The excitation signal of the 

cantilever is modulated by the PLL. Signals, i.e., Δf0, and aexc, are exchanged via SAM. The 

tip–sample distance is established by the NanoScope IIIa controller while using NanoScope 

software (version V5.31r1) in “contact mode” as Δf0 is a constant voltage output of the PLL. 

 

To conduct customized and/or automated experiments, we implemented a second microscope 

controller to the microscope [SoftdB’s microscope controller with Gnome X Scanning 

Microscopy (GXSM) software]. [159] As Figure 2.3 shows, the deflection signal is accessed 

via the SAM. The outputs of the PLL, i.e., Δf0, demodulated oscillation amplitude, the phase 

difference between the excitation and the oscillation signal, θ, and aexc, are directed to the 

GXSM to achieve tip–sample distance control and/or data recording. The small signal outputs 

of the GXSM (xs, ys, zs) for the x, y, and z motion of the piezo are amplified with a separate 

high-voltage amplifier (PiezoDrive TD250-INV). The tip–sample bias, V, is also controlled 

via GXSM. The amplified piezo signals, aexc, and V are used as inputs to the microscope and 

are exchanged via the SAM (see APPENDIX I.A and I.B for details). The GXSM and PLL 

have continuous MATLAB® and/or PythonTM communication for control, automation, and 

drift corrections (see APPENDIX I.C and vide infra). We implemented a new sample approach 

procedure with this updated configuration (see APPENDIX I.A and I.B for details). Briefly, 

we approach the surface with a NanoScope IIIa controller to avoid the implementation of 

additional step motor drivers, a built-in camera, and a laser diode amplifier. Upon approach, 

we fully retract the scanner piezo and switch from the NanoScope IIIa controller to SoftdB 

controller with GXSM software. After switching to GXSM, the scanner re-engages to the 

surface and experiments can be conducted. 
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Figure 2.3 The updated control architecture for customized/automated experiments with 
frequency modulation atomic force microscopy (FM-AFM) capability  

 

Figure 2.3 caption continued: The FM-AFM has been enabled by the lock-in amplifier with 

phase-locked loop (PLL) capability while experiment customization and automation have been 

rationalized with the SoftdB controller with Gnome X Scanning Microscopy (GXSM) 

software. The deflection signal of the cantilever is accessed via the Signal Access Module 

(SAM). The outputs of the PLL, i.e., the resonance frequency shift, Δf0, demodulated 

oscillation amplitude, the phase difference between the excitation and the oscillation signal, θ, 
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and the excitation signal, aexc, are directed to the GXSM. The small signal outputs of the 

GXSM (xs, ys, zs) for the piezo motion are amplified with a high-voltage amplifier. The tip–

sample bias, V, is defined with GXSM. The amplified piezo signals, aexc, and V are inputs of 

the microscope and are exchanged via the SAM. The PLL and GXSM have continuous 

communication with MATLAB and Python for control and automation. We approach to the 

surface with NanoScope IIIa and then switch to GXSM with a well-defined procedure. 

 

2.4 Results and Discussions 

We conducted experiments under ambient conditions to show the performance and capability 

of the updated control architecture. First, we performed a thermal spectra measurement under 

ambient conditions to reveal the noise floor of the microscope for a specific cantilever as well 

as to calibrate for the oscillation amplitude. [160, 161] The Fast Fourier Transform (FFT) of 

the photodiode signal under thermal excitation has been recorded far from the surface. [162] 

We recorded and calculated the FFT of the photodiode signal with the plotter of our MFLI by 

Zurich Instruments (see APPENDIX I.A and I.B for connections). Figure 2.4 shows the voltage 

noise density of our cantilever under ambient conditions (OPUSTIPS, 4XC-GG, spring 

constant, cz ≈ 8.1 N/m, resonance frequency, f0 = 146.620 kHz, quality factor, Q ≈ 244, 

sensitivity ≈ 118.3 nm/V, and noise floor ≈ 0.13 nm/√Hz).  

 

 
 

Figure 2.4 Thermal spectra measurement of a cantilever probe 
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Figure 2.4 caption continued: (a) The complete voltage noise density of the cantilever. (b) The 

resonance frequency is calculated with a Lorentzian curve (dashed line) to fit the region 

presented with the red rectangle in (a). Voltage noise density presented in this figure was 

recorded at room temperature (27 °C) under ambient conditions and averaged 50 times. The 

bandwidth of the measurement was 469 kHz, and a built-in Hanning window filter has been 

employed. 

  

 
 

Figure 2.5 Topography measurements of highly ordered pyrolytic graphite (HOPG) under 
ambient conditions with amplitude modulation (AM) and frequency modulation (FM) atomic 

force microscopy (AFM)  

 

Figure 2.5 caption continued: (a) AM-AFM-based topography image presents unit cell steps 

as well as buried steps, which are common for HOPG samples (see the main text for details). 

(b) We performed FM-AFM-based topography measurements on the region highlighted by the 

square. Surface adsorbates, shown with arrows, are visible on the freshly exfoliated HOPG 

sample. The free oscillation amplitude was ∼10 nm (peak-to-peak) for AM-based 

measurements. The oscillation amplitude was kept constant at ∼10 nm for FM-based 

measurements for a resonance frequency shift, Δf0, set point of −8 Hz. The z-scale of the 

topography images (from black to white) is 0–2.65 nm for Figure 2.5(a) and 0–1.05 nm for 

Figure 2.5(b). 
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We performed topography measurements to illustrate the capabilities of our updated setup. As 

Figure 2.5 shows, we conducted AM-AFM and FM-AFM topography measurements on HOPG 

(supplied by NanoAndMore Corp.) under ambient conditions in the same region. We were able 

to switch the modulation method from AM to FM without full retraction from the surface and 

successfully image with both. Unit cell steps as well as buried steps, which are common on 

HOPG samples, are evident. [163-165] The operation of the PLL may suffer from surface 

adsorbates and the inherently low-quality factor of the oscillating probe due to ambient 

conditions. As shown in Figure 2.5(a), we first performed AM-AFM measurements over a 

larger region to confront such instabilities. As presented in Figure 2.5(b), we then conducted 

FM-AFM-based topography measurement while avoiding clusters of surface contaminants in 

the region highlighted by the dashed square in Figure 2.5(a). We want to note the stability of 

FM-based measurement despite measuring under ambient conditions. Moreover, the stability 

of FM AFM has been preserved over adsorbates, which is inevitable even for freshly exfoliated 

samples due to ambient conditions. Generally, the operator should pay attention to the surface 

region and take necessary actions (e.g., automatic tip retraction with a sudden change in the 

drive signal) to avoid oscillation instabilities and potential tip crashes while operating the 

microscope with FM-AFM under ambient conditions.  

 

 
 

Figure 2.6 Voltage spectroscopy measurement of a rutile-terminated, single-crystal TiO2 
(100) sample at 65 °C 
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Figure 2.6 caption continued: The resonance frequency shift, Δf0, vs tip–sample bias, V, 

measurements were performed 20 nm away from the surface (see the main text for details). 

The difference between the Fermi levels of the tip and the sample, aka, the contact potential 

difference, is revealed as 0.38 V with a second-order polynomial fit to experimental data 

(shown with a dashed line). 2625 data points were recorded under ambient conditions in ∼8.3s 

for the experiment presented in this figure. The oscillation amplitude was kept constant at ∼8 

nm peak-to-peak (resonance frequency, f0 = 144.248 kHz, quality factor, Q ≈ 240). 

 

With the completion of topography measurements, we illustrated the capability of our 

customized system with spectroscopy experiments. As Figure 2.6 shows, we first performed 

voltage spectroscopy measurements on a rutile-terminated, single-crystal TiO2(100) sample 

(supplied by MSE Supplies LLC). [39] After engaging to the surface with FM-AFM, the tip 

has been retracted from the surface by a controlled amount, e.g., 20 nm, and the tip–sample 

bias, V, has been tuned. As detailed elsewhere, the electrostatic interaction is minimized when 

the difference between the Fermi levels of the tip and the sample, aka, the contact potential 

difference (CPD), is equal to the tip–sample bias voltage. [106] As Figure 2.6 reveals, the CPD 

between the TiO2 sample and a gold-coated cantilever probe is 0.38 V. 

 

 
 

Figure 2.7 Frequency modulation atomic force microscopy-based force spectroscopy 
measurements of a highly ordered pyrolytic graphite under ambient conditions  
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Figure 2.7 caption continued: (a) The resonance frequency shift, Δf0, vs distance, d, 

measurements were performed. The experiment has been repeated for ten times while keeping 

the tip around the same lateral position across the sample (blue shows an average of 8 different 

measurements, and red curves are individual datasets). (b) The measured Δf0 vs d data were 

used to reconstruct tip–sample interaction force, F, as a function of the nearest tip–sample 

distance, D (blue shows an average of 8 different measurements, and red curves are individual 

datasets). We used a constant oscillation amplitude of 4 nm peak-to-peak with a cantilever with 

a free resonance frequency, f0 = 125.091 kHz, spring constant, cz ≈ 5.2 N/m, and quality factor, 

Q ≈ 197. 

 

In addition to voltage spectroscopy measurements, we also performed FM-AFM-based force 

spectroscopy measurements to access the tip–sample interaction forces. As Figure 2.7 shows, 

we recorded Δf0 as a function of tip–sample separation on the HOPG sample (vide supra). The 

tip–sample interaction force was recovered from the experimental data. [166] Figure 2.7 

discloses the reproducibility and stability of spectroscopy measurements deep into the 

attractive regime under ambient conditions.  

 

We also performed FM-AFM-based experiments to reveal the electrical properties of samples 

to illustrate the capability of the customized system. More specifically, we combined voltage 

and force spectroscopy measurements to reveal the distance dependence of CPD for a TiO2 

sample (vide supra). As Figure 2.8 illustrates, we performed automated force spectroscopy 

measurements at different tip–sample biases. As detailed elsewhere, the resulting two-

dimensional array of Δf0 as a function of d and V is employed to reveal the distance dependence 

of the CPD, which is associated with the electrical properties of the sample. [39, 167, 168] We 

also repeated such measurements at different sample temperatures to access the temperature 

dependence of the CPD on TiO2. As explained in detail elsewhere, the intrinsic n-type doping 

of the TiO2 sample resulted in a decrease of the CPD (−3.8 mV/○C) with the Fermi level shifted 

toward the conduction band. [39]  
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Figure 2.8 Experiments to measure the resonance frequency shift, Δf0, as a function of the 
tip-sample distance, d, and tip-sample bias voltage, V 

 

Figure 2.8 caption continued: (a) The d was tuned while the deflection signal was demodulated 

for Δf0 at different V. (b) This procedure results in a two-dimensional array of Δf0 as a function 

of d and V. Measurements were repeated ten times for each V to cross-validate measurements 

and achieve an adequate signal-to-noise ratio. We used this two-dimensional array to 

reconstruct the tip–sample interaction force as a function of d and V to access the distance 

dependence of the contact potential difference. (c) We repeated the measurement at different 

temperatures (shown with different colors) to reveal the distance dependence and temperature 

dependence of a rutile-terminated, single crystal TiO2 (100) sample. We employed the active 

drift control module of Gnome X Scanning Microscopy to preserve the sample position of the 
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sample. We used an oscillation amplitude of 10–12 nm (peak-to-peak) for all our 

measurements with a cantilever with a free resonance frequency, f0 = 146.620 kHz, and quality 

factor, Q ≈ 244. Experimental results presented in (b) are for a TiO2 sample at 65 °C. 

 

To further illustrate the capability and stability of our customization for advanced electrical 

measurements with FM-AFM, we performed time-resolved AFM measurements to reveal the 

charge carrier dynamics of a TiO2 sample (vide supra). Figure 2.9 schematically explains that 

a voltage pulse is applied in proximity to the surface. As explained elsewhere in detail, the 

applied voltage pulse results in a time-dependent Coulomb interaction, which reflects as Δf0. 

[43, 57] The time constant of Δf0 decay as a function of temperature, i.e., Arrhenius plot, 

reveals the energy barrier associated with charge carrier migration. With our customized setup, 

we performed automated, temperature-dependent measurements at more than 64 different 

points across the surface and repeated the measurement 40 times at each point of the grid to 

enhance the confidence level of our measurements. We corrected the lateral drift with the 

active drift correction of GSXM. As our automated measurements were longer than ten hours 

for each temperature, we also corrected the resonance frequency drift of our cantilever probe 

with the MATLAB integration of the MFLI lock-in amplifier with phase-locked loop capacity 

(see APPENDIX I.C for details). More specifically, we measured the free resonance frequency 

of the cantilever at 20 nm away from the surface and corrected the drift accordingly before we 

applied the voltage pulse. With our resonance frequency drift correction, the stability of our 

microscope has enhanced significantly, particularly for measurements at elevated 

temperatures. 
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Figure 2.9 Explanation of time-resolved atomic force microscopy measurements and main 
findings 

 

 Figure 2.9 caption continued: (a) A voltage pulse is applied between the sample  [a rutile-

terminated, single-crystal TiO2(100) sample] and the cantilever probe. The applied pulse 

results in a time-dependent Coulomb interaction between the probe and the sample, which 

leads to a time-dependent resonance frequency shift, Δf0(t). The time constant of the Δf0 is 

related to the dynamics of charge carrier migration. (b) Temperature-dependent measurement 

of the decay time of the Δf0 reveals the activation barrier of the charge carrier migration. More 

specifically, the Arrhenius plot for the natural logarithm of time constant vs 1/kBT (kB is the 

Boltzmann constant, and T is the temperature) delivers the effective activation energy as Ea
* = 

246 ± 8 meV. 

 

Finally, we performed two-dimensional force spectroscopy measurements across a cluster of 

three-unit cell steps on HOPG. To this end, we conducted automated topography 

measurements with Python integration at different resonance frequency shift set points while 

utilizing active drift control of the GXSM controller, i.e., at different tip–sample separations. 

For this purpose, resonance frequency shifts were used with 0.28 Hz increments, starting from 

−23 Hz, i.e., 85 consecutive topography measurements. We minimized the drift/creep along 

lateral directions (x and y, vide supra) by measuring at the same region for more than four 

hours before data acquisition. A vertical drift rate of 1.2 Å/min was measured during 
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experiments and corrected in post-processing. The measured topography data have been used 

to reconstruct tip–sample interaction potential. [148] The vertical and lateral forces acting on 

the tip can be revealed by the negative gradient of the tip–sample interaction potential. [148] 

As Figure 2.10(a) illustrates (see APPENDIX I.D for additional measurements), the tip first 

experiences an attractive lateral force for a step-up motion across step edges, i.e., −75 pN at 

the smallest tip–sample separation. Upon further approach to the step edge, the tip is repelled 

by the step edge and experiences a total repulse force, i.e., 109 pN at the smallest tip sample 

separation. We also conducted measurements along the backward direction, i.e., step- down 

motion. Figure 2.10(b) shows that the tip is experiencing an assistive lateral force, i.e., 58 pN 

at the smallest tip–sample separation, for step-down motion upon approach to step edges, 

which has been reported elsewhere. [163-165, 169, 170] After moving down across step edges, 

the tip experiences an attractive lateral force as step edges “attract” the tip toward themselves, 

i.e., −63 pN at the smallest tip–sample separation. The frictional force acting on the tip across 

the flat regions of the upper and lower terrace is around 20–30 pN and inverse to the scan 

direction. 
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Figure 2.10 Two-dimensional force spectroscopy measurements of highly ordered pyrolytic 
graphite under ambient conditions across a cluster of three-unit cell steps for forward (step-

up) and backward (step-down) directions 

 

Figure 2.10 caption continued: (a) and (c) The tip experiences an attractive force upon 

approach to the step edge; however, upon further approach to the step edge, the tip experiences 

a repulsive force during step-up motion. (b) and (d) shows the corresponding step-down 

motion. The tip has an assistive step-down motion upon approach to step edges. At the lower 

terrace, the tip is attracted by step edges. On flat regions of the lower and upper terrace, i.e., 

lateral position at around 0 and 150 nm, the tip experiences a net friction force of around 20–
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30 pN. The vertical tip–sample interaction was in the attractive region for measurements 

presented in this figure. The drift along the z direction (1.2 Å/ min) has been measured during 

experiments and corrected in the post-processing. We used a constant oscillation amplitude of 

10 nm peak-to-peak with a cantilever with a free resonance frequency, f0 = 130.231 kHz, spring 

constant, cz ≈ 7.8 N/m, and quality factor, Q ≈ 281. 

 

2.5 Summary and Conclusions 

We presented the customization of an atomic force microscopy (AFM) system to enable 

automated, multidimensional measurements under ambient conditions. The initial setup, 

VEECO’s EnviroScope SPM with a NanoScope IIIa controller, was limited to contact and 

amplitude modulation-based topography measurements and primitive distance spectroscopy. 

We customized this setup with new hardware (e.g., Signal Access Module, a lock-in amplifier 

with phase-locked loop capability, a separate microscope controller, and a high-voltage 

amplifier) and software integration. Our measurements illustrate the capability of the 

customized setup for a wide range of applications, including quantitative force spectroscopy 

and multidimensional (electrical) characterization of samples. More specifically, we illustrated 

the performance of the customized setup with voltage noise density, frequency-modulation-

based AFM topography, voltage and/or distance spectroscopy, time-resolved AFM, and two-

dimensional force spectroscopy measurements. We also enhanced the stability of our setup 

with topography and frequency drift corrections, which significantly improved the quality of 

long term, automated measurements at elevated temperatures. Finally, we want to note that a 

new scanning probe microscopy system may deliver some of these capabilities; however, 

upgrading an operational system is a more economical option. In addition, system upgrade 

enables aim-specific customization and automation for well-defined experimental needs. We 

believe that our methodology will be useful for other scanning probe microscopes as similar 

upgrades/customizations are possible for many (commercial) systems. 
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3.1 Abstract 

Inorganic oxide-based sample systems are popular for applications in catalysis, sensing, 

renewable energy, and fuel cells in which electronic properties play important roles. 

Environmental conditions, e.g., temperature, can greatly impact the electronic properties and 

thereby the performance. The lack of basic knowledge of the local variation of electronic 

properties as a function of temperature limits the fundamental understanding of systems and 

hampers their robustness. Here, we present temperature-dependent scanning probe microscopy 

experiments to reveal the variation of contact potential difference (CPD) across different length 

scales. Our measurements demonstrate that the CPD of inorganic perovskites (e.g., SrTiO3) 

and metal-oxide semiconductors (e.g., TiO2) evolve significantly with temperature. We show 

that CPD variation depends on the locality of the measurement and originates from a 

thermodynamically driven intrinsic doping state. These results will facilitate a fundamental 

understanding of the electronic properties of oxides and thus ease emerging technologies, 

rationalized by engineering temperature-dependent electronic properties. 

 

 
 
2 Bugrahan Guner (2022, p. 4085−4093) 
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3.2 Introduction and Background 

Inorganic oxide-based sample systems (e.g., perovskites, metal-oxide semiconductors (MOS), 

i.e., semiconductors consisting of metal and oxygen) are widely utilized for a broad spectrum 

of applications, such as solar cells, [24-27, 171-174] high-temperature superconducting films, 

[175-180] oxygen separation membranes and advanced oxidation water treatments, [181-186] 

and memristive devices. [187-190] Their common use can be explained by the competence to 

tune their electronic and physical properties to the desired application. [51, 54, 191] For this 

reason, it is vital to understand the properties of perovskites and MOS for a range of conditions 

and temperatures. Nevertheless, even without any external manipulation, characteristics of 

such sample systems evolve due to their thermodynamically driven intrinsic doping and 

vacancy formation. [112, 192] Therefore, revealing the properties of inorganic oxides at the 

nanoscale as a function of temperature is essential. Temperature-dependent characterization of 

perovskites and MOS mainly focuses on structural and phase transformation studies, as well 

as the stability at the device level. [87, 175, 181, 193] Recently, we explained how ergodic 

(i.e., history-dependent) and non-ergodic (i.e., history-independent) charge carrier dynamics 

of perovskites change with temperature by revealing the effective migration barrier of intrinsic 

oxygen vacancies. [41] In another recent work, we experimentally investigated the effect of 

ultraviolet irradiation on the surface oxygen vacancies and their effect on the bulk charge 

carrier dynamics for MOS. [35] 

 

Here, we demonstrate the multidimensionality of contact potential difference (CPD, i.e., the 

difference in the work functions of the gold-coated probe and the sample when they are in 

proximity and under thermodynamic equilibrium, a.k.a., volta potential) [106] at the nanoscale 

in inorganic perovskites and MOS with scanning probe microscopy (SPM) measurements. We 

concentrated on single-crystal, inorganic perovskites (e.g., strontium titanate, SrTiO3) and 
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MOS (e.g., titanium dioxide, TiO2) to have the least amount of uncertainty of sample 

properties. [191] We employed an undoped SrTiO3 and TiO2, as they are vastly utilized due to 

their ideal lattice match for similar systems, cost efficiency, stability, and technological and 

scientific importance. [194-205] Our experiments reveal three important results: (I) the CPD 

of both SrTiO3 and TiO2 evolve with temperature, (II) the measured CPD is dominated by the 

local surface state at small tip-sample separations (i.e., tip-sample distance < 10 nm), and (III) 

the thermodynamically driven intrinsic doping of the material is the governing mechanism of 

the variation of the CPD for these sample systems. These results clearly show that care must 

be given to identify the temperature-dependent change of electronic properties to attain and 

preserve the desired performance of inorganic oxide-based sample systems. 

 

3.3 Sample Preparation and Experimental Methods 

3.3.1 Sample Preparation of SrTiO3 

We followed a previously established sample preparation recipe, details of which can be found 

elsewhere. [41, 206] We employed single-crystal, undoped SrTiO3 (100) samples which were 

supplied by CrysTech GmbH, Germany. Samples were etched at the company with a buffered 

HF solution. To avoid fluorine residuals that may have been introduced due to HF etching, 

samples were cleaned with deionized water. [207] We also annealed samples in an oxygen flux 

furnace in 1270 K for 30 minutes to remove contaminants, plus heating up and cool down 

times of 45 minutes each. We controlled the annealing temperature with a thermocouple 

beneath the sample in the oxygen flux furnace. The sample was introduced in the high vacuum 

(10-7 mbar) within 10 minutes after cooling to 470 K. The sample was annealed up to 400 K 

for 30 minutes under high vacuum conditions. Our recipe, i.e., cleaning the sample with 

deionized water and annealing in 1270 K, ensures the elimination of fluorine residuals. [207] 

Our sample preparation and annealing conditions maintained a non-conducting SrTiO3 sample 

and results in atomically flat SrO and TiO2 surface phases with no evidence of clusters of 

carbon contamination at the length scale and sample area in which we performed our 

experiments. [41, 206] 
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3.3.2 Sample Preparation of TiO2 

We annealed a single-crystal, undoped TiO2 (100) sample (supplied by MSE Supplies LLC) at 

1270K for ten hours, plus heating up and cool down times of one hour each. It is well-known 

that this previously established sample preparation recipe results in a rutile surface phase with 

no trace of anatase. [35] Our sample preparation recipe preserved a non-conducting, single-

crystal, atomically flat TiO2 surface phase with no evidence of clusters of carbon 

contamination at the sample area and the length scale that we performed our experiments. [41] 

 

We concentrated on the rutile surface phase for our TiO2 experiments. The rutile phase of TiO2 

has advantages over the anatase phase of the material due to its excess stability under ambient 

conditions, for all temperature ranges. [208-211] Additionally, the tendency of the anatase 

phase for irradiation-based adsorption of surface radicals influenced the mentioned choice. 

Encountering surface radical adsorption correlated with irradiation is more probable in the 

anatase phase. [212, 213] Thus, the rutile phase is preferred over the anatase phase of the 

sample. 

 

3.3.3 Preparation of Template-stripped Gold Substrate 

We prepared the template-stripped gold substrate by using an already established recipe, details 

of which can be found elsewhere. [102, 103] In summary, template-stripped gold substrate was 

prepared by employing a silicon wafer. A gold film with a thickness of ~ 100 nm was thermally 

evaporated (Thermionics Vacuum Products model VE-90) under a vacuum (10-5 mbar) at a 

rate of 0.1 nm/s. The silicon substrate was thoroughly cleaned with acetone, isopropanol, and 

then ethanol with an ultrasonic cleaner and then dried with nitrogen. Another clean piece of 

clean silicon was glued on the evaporated gold (EPO-TEK® 377 epoxy, one hour of curing at 

150 °C in an oven in the air). The silicon/epoxy/gold sandwich was scraped with a razor blade 

and then a freshly cleaved gold surface was utilized for measurements. 
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3.3.4 Scanning Probe Microscopy Measurements 

The SPM measurements for SrTiO3 were conducted employing a customized JSPM-5100 

system. The microscope was upgraded with a custom-design sample heater stage operating in 

a high vacuum (i.e., 10-7 mbar). The microscope was controlled with the Gnome X Scanning 

Microscopy (also known as GXSM) control module [159] with active drift control while 

employing a Nanosurf® EasyPLL Plus for frequency shift detection). We employed a modified 

Veeco EnviroScope SPM system for our TiO2 and template-stripped gold samples under 

ambient conditions. The Veeco EnviroScope has also been controlled with a GXSM control 

module [159] with active drift control while employing Zurich Instrument’s MFLI lock-in 

amplifier for frequency shift detection. For all our experiments, we utilized gold-coated 

microcantilever tips by OPUSTIPS (4XC-GG, tip radius = 40 nm, stiffness = 9.0 N/m, 

resonance frequency = 150 kHz). The standard frequency-modulation atomic force microscopy 

technique, which relies on the resonance frequency shift, Δ ଴݂, of the oscillation cantilever due 

to tip-sample interaction, was used. [72] We used an oscillation amplitude of 10 to 12 nm peak-

to-peak for our measurements. 

 

3.3.5 X-ray Diffraction Measurements 

Temperature-dependent X-ray diffraction (XRD) measurements were conducted with “X'Pert³ 

XRD from Panalytical” operating with a Cu anode at 8.05 keV as the X-ray source, which 

provides Cu Kα1 (λ=1.540598 Å) and Cu Kα2 (λ=1.544426 Å) for 45 kV tension and 40 mA 

current inputs with an 'Anton Paar HTK 2000' stage, to assess the existence of phase transfer 

of SrTiO3 sample. As Figure-A II.1 (see APPENDIX II.A) shows, we conducted temperature-

dependent XRD measurements at 25 °C, 45 °C and 85 °C. Successive XRD measurements 

were performed while keeping the sample and the beam at the same spatial position. The 2θ 

angle was scanned from 10° to 120° to cover a wide enough range of structural information of 

SrTiO3. [214-219] As Figure-A II.1 (see APPENDIX II.A) illustrates, our XRD measurements 

clearly show the absence of any phase transformation between 25 °C and 85 °C. Our result is 

in good agreement with the existing literature as structural and phase transformations of SrTiO3 
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are not encountered in the utilized range of temperatures, i.e., for temperatures between 25 °C 

to 85 °C. [220-226]   

 

3.3.6 Background of Experimental Technique 

As details of which can be found elsewhere, the measurement of the CPD with SPM is a well-

established experimental technique. [106, 227-229] Here, we briefly explain the overview of 

CPD measurements. The electrostatic interaction force between the tip and the sample has a 

parabolic dependence with respect to the total electrical potential. [106, 228, 229] The main 

idea of CPD measurements is to find the electrical potential difference between the tip and the 

sample that compensates and minimizes the electrostatic portion of the tip-sample interaction 

force. [106, 228, 229] There are multiple ways to measure this minimum electrostatic force 

between the tip and the sample. [106, 228, 229] One of the main methods is to scan the surface 

while applying a small oscillating tip-sample electrical potential. With the demodulation of the 

probe’s response, the CPD can be assessed. It is possible to implement this oscillating bias 

voltage approach both for frequency and amplitude modulation atomic force microscopy. [106, 

228, 229] Alternatively, f0 can be measured as a function of tip-sample bias voltage, i.e., the 

so-called bias spectroscopy technique, while the tip is positioned at the same spatial position.  

 

Conventional techniques implemented to measure the CPD with SPM have certain advantages 

(e.g., ease of implementation, applicability under different environmental conditions, etc.) and 

disadvantages (e.g., the dependence of tip and probe geometry, difficulty to disentangle the 

contribution of the probe capacitance, etc.). [106, 228, 229] Beyond these mainstream SPM-

based measurement principles, there have been relatively recent SPM-based methodologies to 

reveal the CPD. [167, 229] For example, the G-mode-based method, which relies on the fast, 

real-time data acquisition of the oscillation can be implemented. [167] The main advantage of 

this real-time technique is the time scale of the experimental technique. Alternatively, the CPD 

can also be measured with the direct measurement of the tip-sample interaction force as a 

function of tip-sample distance, d, and tip-sample interaction potential, V. [167, 168, 230] This 

technique is also known as the force-volume technique, which has originally been developed 
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by Stomp, and details can be found at ref. [168]. We utilized the force-volume technique in 

this work, which was successfully implemented for different sample systems. [167, 168, 230] 

As illustrated in Figure 3.1, the probe is kept at the same spatial position, while d and V are 

tuned successively. As a result, f0 as a function of d and V is measured. The experimental 

data, f0 as a function of d and V, was used to recover the tip-sample interaction force. [166] 

We repeated the experiment at least at three different positions to verify the reproducibility of 

the measurement results (vide infra). 

 

 
 

Figure 3.1 Schematic explanation of the experimental procedure to measure the resonance 
frequency shift, f0 as a function of tip-sample distance, d, and bias voltage, V 

 

Figure 3.1 caption continued: (a) The distance was tuned while the deflection signal was 

demodulated for f0. The measurement was repeated by changing V 0.05 Volts. (b) This 

procedure leads to a two-dimensional array of f0 as a function of d and V. Measurements were 

repeated ten times for each V to achieve an adequate signal-to-noise ratio and cross-validate 

measurements. We utilized the active drift control module of Gnome X Scanning Microscopy 

to preserve the sample position of the sample. We used an oscillation amplitude of 10 to 12 

nm peak-to-peak for all our measurements. The experimental data presented in this figure was 

recorded on SrTiO3 at 55 °C. 

 

As Figure 3.2a illustrates, we reconstructed the tip-sample interaction potential. [166, 231] The 

numerical derivative of the reconstructed tip-sample interaction potential as a function of d 
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was used to calculate the tip-sample interaction force, F, as presented in Figure 3.2b. It is 

expected that the conventional force reconstruction technique does not result in an unphysical 

tip-sample interaction force, as we utilized large oscillation amplitudes. [75] 

 

 
 

Figure 3.2 Mathematical assessment of contact potential difference (CPD) with tip-sample 
spectroscopy measurements 

 

Figure 3.2 caption continued: (a) The resonance frequency shift, f0, as a function of tip-sample 

distance, d, was used to recover the tip-sample interaction potential as a function of d. We 

repeated this reconstruction procedure for each tip-sample bias voltage, V. (b) The negative 

gradient of the tip-sample interaction potential as a function of d reveals the tip-sample 

interaction force, F.  (c) Replicating this mathematical conversion for each V results in a two-

dimensional array of F. Columns of this array reveals F as a function of d, while rows of this 

array disclose F as a function of V. (d) An example, the reconstructed F as a function of d for 

a constant V is shown across the blue dashed line presented in b. (e) Similarly, F, as a function 
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of V, is disclosed across the red dashed curve shown in b. A two-dimensional polynomial was 

fitted to F(V) for each d to extract the CPD value as a function of d. As explained in the main 

text, further physical quantities such as the derivative of the tip-sample capacitance, and total 

tip-sample force are accessible via this fitted polynomial. The experimental data presented in 

this figure was recorded at 55 °C on SrTiO3. 

 

The recovered F forms a two-dimensional array (Figure 3.2c). The columns of this two-

dimensional array reveal F as a function of d at a constant V (Figure 3.2d), while the rows 

show the dependence of F as a function of V at a constant d (Figure 3.2e). The total F 

superimposes chemical, long-range van der Waals, and capacitive forces between the tip and 

the sample. As Figure 3.2e discloses, F as a function of V has a parabolic dependence. 

Therefore, it is possible to fit a second-order polynomial to F (i.e., ܨ(ܸ) = ܸܽଶ + ܾܸଶ + ܿ), 

as detailed elsewhere. [168] For this reason, the measurement of the total force and its parabolic 

dependence, as presented in Figure 3.2e, can reveal important physical quantities. As explained 

in detail in ref  [168], the coefficients of this second-order polynomial deliver the gradient of 

the tip-sample capacitance (i.e., డ஼డௗ = 2ܽ), CPD (i.e., ஼ܸ௉஽ =  −ܾ 2ܽൗ ), and the contribution of 

chemical forces and long-range forces to the total tip-sample interaction force (i.e.,  ܨ௢௧௛௘௥ = ܿ −ܾ 2ܽൗ ).  

 

There are different SPM-based measurement methodologies in order to reveal the CPD of 

sample systems (vide supra). [106, 227-229] The oscillating V approach, i.e., a small 

oscillating tip-sample bias is added to a constant component of V, is one of the most employed 

SPM-based measurement techniques to determine the CPD of the sample. To get the CPD as 

a function of tip-sample distance, the operator must record images of the surface region at 

different d. However, when the oscillating V approach is employed, the correlation of CPD 

with other physical quantities such as total tip-sample interaction force, non-electrical tip-

sample interaction force, and tip-sample capacitance will not be easily accessible. In addition, 

the operator needs to correct the height frequently to adjust for piezo and resonance frequency 

drifts, and such corrections build up the total duration of the experiment. Another mainstream 
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SPM-based CPD measurement is conducting V spectroscopy measurements at different d. 

[106, 227-229] The recorded parabolas, e.g., f0 as a function of V, at different d can 

technically be used to reconstruct f0 as a function of V and d. This two-dimensional array, 

like the array presented in Figure 3.2c, can directly deliver the CPD as a function of d and can 

then be used to reconstruct F as a function of d similar to the mathematical procedure that we 

employed (vide supra). Although V spectroscopy measurement at the same spatial position 

across the sample at different d has the same mathematical origin and can theoretically deliver 

the same physical information, the number of V spectroscopy measurements at different d and 

the necessity of tip-sample separation correction in between each measurement scales up the 

measurement time, as the operator has to approach and retract from the surface at rates 

comparable to force spectroscopy measurements to avoid piezo creep and dangerous fast 

approach to the sample. For these technical and experimental reasons, we utilized the force 

volume technique.  

 

The main advantage of the force-volume technique is its flexibility to deliver CPD as a function 

of tip-sample distance. Although this technique offers a robust methodology to deliver CPD as 

a function of distance, the total measurement time is relatively long compared to a single CPD 

measurement with the oscillating bias technique or a single V spectroscopy measurement. To 

achieve an adequate signal-to-noise ratio and cross-validate our results, we repeated the force 

spectroscopy measurements ten times at each bias voltage. In addition, we increased the tip-

sample bias with increments of 0.05 Volts while measuring the bias range of ± 0.5 Volt with 

respect to CPD. This leads to two hundred and ten force spectroscopy measurements at the 

same spatial position. Considering it takes around thirty seconds to conduct a single force 

spectroscopy measurement, the total duration of the experiment is around two hours. We 

utilized active drift control of Gnome X Scanning Microscopy to ensure measurements at the 

same spatial position. Finally, we repeated the experiment in at least three different spatial 

positions for each temperature. We changed the temperature of the sample with increments of 

10 °C while controlling the temperature of the sample and the room where we conduct the 

measurement better than 0.5 °C. 
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3.4 Results and Discussions 

Our temperature-dependent force volume measurements on SrTiO3 show that CPD has a linear 

dependence with a negative slope with respect to the temperature of the sample, i.e., with 

increasing temperature the CPD decreases, as shown in Figure 3.3. More specifically, at d > 

10 nm, CPD decrease by 3.6 ± 0.1 mV/°C with increasing temperature (Figure 3.3a). It is well-

known that undoped SrTiO3 has intrinsic doping due to thermodynamically driven oxygen 

vacancies (VO), which reveal free electrons and VO. [112] With increasing temperature, both 

the number of n-type (e.g., free electrons in the conduction band) and VO are expected to 

increase. The charge state of the VO can, theoretically, be neutral (VO
N), +1-charge state (VO

1+), 

or +2-charge state (VO
2+). It has been shown by different groups that at low electronic 

conductivity values, VO
+ vacancies are thermodynamically favoured. [41, 112] We want to 

note that oxygen vacancies are different from holes in the valance band and are not mobile 

unless a strong external stimulus is applied to the sample. [41, 51]  Towards this end, with 

increasing temperature, n-type charge carriers, i.e., additional electrons in the conduction band, 

become available, and as a result, the Fermi level shifts towards the conduction band. The shift 

of the Fermi level of the sample towards the conduction band decreases the difference between 

the work functions of the sample and the gold-coated probe, which ultimately results in an 

inverse dependence of the CPD as a function of the sample. We conducted temperature-

dependent X-ray diffraction measurements on SrTiO3, which show the absence of phase or 

structural transition at the temperature range of our SPM measurements (see APPENDIX II.A). 

We also want to discuss the potential effect of the desorption of H2O, OH, and oxygen on the 

observed variation of CPD measurements. H2O desorption of SrTiO3 and TiO2 is expected to 

happen at a much lower temperature range. [232, 233] In addition, OH desorption of such 

sample systems has been associated with the interaction of water under ultra-violet irradiation. 

[35, 234] It has also been previously shown that SrTiO3 and TiO2 terminated SrTiO3 samples 

desorb oxygen at much higher temperatures and oxygen concentration does not change even 

under ultra-high vacuum annealing up to 470 K. [206, 235] Finally, we want to underline that 

we conducted our SrTiO3 measurements under vacuum conditions, while TiO2 and template 
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stripped gold sample measurements were performed under ambient conditions (vide supra). 

Under ambient conditions and even under vacuum conditions the surface is expected to be 

covered with monolayers of adsorbates in seconds. As a result, the desorption of H2O, OH, or 

oxygen is not a strong candidate for the observed temperature-dependent variation of the CPD. 

Due to the nonexistence of phase or structural transition and the existence of intrinsic doping, 

we believe that the temperature-dependent variation of the CPD has a thermodynamic origin 

for SrTiO3 due to intrinsic doping (vide supra). 

 

 
 

Figure 3.3 Measurement of the contact potential difference (CPD) and the reconstruction of 
tip-sample interaction force, F, for each CPD measurement for a single crystal SrTiO3 

sample 

 

Figure 3.3 caption continued: (a) The measurement of CPD is presented as a function of the 

tip-sample distance, d, and temperature of the sample. Our experimental results at different 

temperatures clearly show that CPD decreases with increasing temperature. More specifically, 

CPD decreases by 3.6 ± 0.1 mV/°C with increasing temperature at d > 10 nm.  At d < 10 nm, 

shown with a dashed line, the CPD has rather a chaotic dependence on d and temperature due 

to local variations of F. (b) The total tip-sample interaction force, Ftotal, and contributions of 

long-range and chemical forces (Fother = Flong-range + Fchemical) have been reconstructed by using 

mathematical methods described in the main text, to systematically link those with the 

observed changes in CPD. Our experimental results show that Fother starts to have a 

significantly enhanced contribution to Ftotal at d < 10 nm, which is consistent with the observed 
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chaotic dependence of CPD at this tip-sample separation. For data presented in this figure, we 

performed our force spectroscopy experiments at three different sample locations while 

performing ten distance spectroscopy measurements for each tip-sample bias voltage, as 

explained in the main text. 

 

As presented in Figure 3.3a, at d < 10 nm, the temperature and distance dependence of the 

CPD are less pronounced and rather chaotic. Different phenomena may govern the observed 

chaotic behaviour of the CPD measurements at d < 10 nm. For instance, SrTiO3 (100) will be 

ill-defined for 1 × 1 reconstruction, unless cleaved in situ. [236, 237] It is also well-known that 

our sample preparation recipe reveals both SrO and TiO2 terminations. [41, 206] A variation 

of the dominant surface termination may lead to the observed chaotic behaviour for SrTiO3. In 

addition, the measurements of the TiO2 sample were conducted under ambient conditions. Due 

to this reason, the surface is covered with at least a monolayer of adsorbates. These adsorbates 

may chemically react due to charge injection or diffuse to the electric field at small tip-sample 

distances, i.e., d < 10 nm. [238, 239] As expected, these potential mechanisms, i.e., the change 

of surface termination, reaction with the surface, or diffusion of adsorbates are less dominant 

for a simple template-stripped gold sample. Beyond these mechanisms, it is possible that the 

tip may pick up adsorbates and it may change its electrical properties. However, the 

reproducibility of measurements and the monitoring of the excitation signal nullify the change 

due to a tip artifact caused by picking up material from the surface (see APPENDIX II.D). 

Another alternative explanation is the change of the spatial position across the surface. 

Although it is certain that the locations of different data sets had different local chemistries, 

we believe that the drift cannot be the source of the observed variation, as chemically different 

regions are expected to have different energy dissipation levels, which would have shown up 

in the excitation channel (see APPENDIX II.D). Finally, significant capacitance changes upon 

approach may alter the CPD measurements; however, our measurements do not reveal such a 

significant change in the tip-sample capacitance at small tip-sample separations, i.e., d < 10 

nm (vide infra).  
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To further investigate the effect of local tip-sample interaction on the CPD measurement, we 

calculated the contribution of chemical forces and long-range forces on total tip-sample 

interaction force, i.e., Fother, by using the parameters of the second-order polynomial fit, as 

explained above (vide supra). As Figure 3.3b illustrates, at d ≤ 10 nm, chemical forces, and 

long-range forces start to dominate the tip-sample interaction. Normally, long-range forces 

may have a contribution of van der Waals forces, which presents the interaction well for a 

continuum. At small distances, however, individual atoms and/or local surface states may 

dictate the interaction and result in a spatial dispersion effect with the failure of the continuum 

assumption. [240-242] Although it is still long-range compared to the range of chemical forces, 

which normally dominate the interaction up to a few Angstroms, [62] the tip-sample distances 

of less than 10 nm, the local chemical variations are expected to gradually become the 

governing interaction mechanisms. For this reason, the spatial dispersion effect, i.e., the 

interaction between individual atoms, and local variations of the surface chemistry may 

dominate the tip-sample interaction. [240-242] It is well-known that the contribution of 

different atomic sides to the chemical force may change significantly with distance. [243] 

Towards this end, the pronounced variation of the CPD at small separations is expected to be 

associated with the varying contribution of different surface phases and reconstructions, and 

their interaction with the tip (see APPENDIX II.B for further details).  

 

We want to note that, as both n-type, i.e., electrons in the conduction band and p-type charge 

carriers, i.e., holes in the valance band, may become available with increasing temperature, the 

measurement of the CPD at large distances (e.g., d > 10 nm) as a function of temperature may 

be utilized as an experimental technique to trace the charge state of intrinsic carriers. If more 

p-type charge carriers are induced with temperature compared to n-type charge carriers, the 

Fermi level will shift towards the valance band and the CPD will increase with temperature. 

However, if both n-type and p-type charge carriers are induced with equal numbers due to 

increased temperature in a semiconductor, the shift of the Fermi level, i.e., the variation of the 

CPD would be dictated by the effective masses of electrons and holes.  Nevertheless, for a 

metal surface with free electrons, the Fermi level is expected to stay still, i.e., no change in 

CPD shall be observed. As a result, this SPM-based methodology may be an alternative 



55 

experimental technique to electron spectroscopy measurements [244] and can be used as a 

complementary tool for computational models and to reveal the intrinsic doping state of 

complex material systems and interphases or for non-conducting sample systems. As Table 3.1 

summarizes, we conducted experiments on TiO2 and template-stripped gold samples (see 

APPENDIX II.B, II.C, and II.D for further experimental data). For a single-crystal TiO2 sample 

with a rutile surface phase, the CPD of the sample decreases by 3.8 ± 0.1 mV/°C. TiO2 is an 

n-type material with intrinsic doping. [89, 245] For each intrinsic doping, excess electrons in 

the conduction band become available and as a result, the Fermi level shifts towards the 

conduction band. [245] The temperature-dependent variation of the CPD of TiO2 is in good 

agreement with the SrTiO3, as both sample systems have intrinsic n-type doping states. 

However, template-stripped gold substrate reveals a much weaker temperature dependence of 

the CPD between 25 °C and 65 °C, i.e., -0.5 ± 0.1 mV/°C, as for a metal surface, free electrons 

are the main charge carriers, and the intrinsic doping is absent. The observed weak dependence 

of the CPD on temperature for the template-stripped gold may be due to the limited thickness 

of the gold coating both on the tip and the substrate. More specifically, it has been previously 

shown that the electrical properties of gold films approximate the properties of single-crystal 

samples at a film thickness of ~ 200 nm. [246, 247] For this reason, the observed temperature-

dependent variation of the CPD of the template-stripped gold sample may have contributions 

both from the substrate of the sample and the limited thickness of the probe’s gold coating. As 

a result, we did not subtract the CPD measurements of the template stripped gold sample with 

an aim to find the absolute CPD values of our SrTiO3 and TiO2 samples. The CPD 

measurement of a gold single crystal may enable disentangling the contributions of the probe 

and the sample. However, such a measurement is beyond the scope of this work, as it does not 

change/add to the main findings presented.  
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Table 3.1 Result summary of the contact potential difference values for sample systems 

 
Sample Type Intrinsic Doping CPD Variation 

SrTiO3 n-type ([41, 112]) -3.6 ± 0.1 (mV/°C) 

TiO2 n-type ([89]) -3.8 ± 0.1 (mV/°C) 

Template-stripped gold N.A. -0.5 ± 0.1 (mV/°C) 

 

The total tip-sample capacitance (i.e., C) and its derivative as a function of d (డ஼డௗ) can also be 

retrieved by using the parameters of the polynomial fit. Figure 3.4a presents the dependence 

of C on d. As Figure 3.4a shows, at d > 70 nm, C is inversely proportional to d and therefore 

can be approximated with an effective area of 4.0 ± 0.6 × 10-14 m2 by using the parallel plate 

approach. As explained in ref [168], an effective surface area in the order of 10-14 m2 may be 

deemed high; however, the effective surface area fitted by the experimental data may include 

contributions not only from the apex of the probe but also from the side of the probe as well as 

the cantilever. For this reason, it is not easy, if not impossible, to disentangle such secondary 

contributions with the analytical model of parallel plates. A sphere-plate model can also be 

used to approximate the observed capacitance at small separations. [168]  At d < 10 nm, the 

value of C saturates (11.8 ± 1.1 aF) and can be assessed as the experimental capacitance 

between a sphere (radius of the sphere = 106 ± 10 nm) and a flat surface. Although the 

calculated tip radius approximates the expected tip radius of the commercial tip (~ 40 nm, see 

Section 2.2 for further details), the effect of the side of the tip apex and long-range capacitive 

contributions may still affect the measured capacitance value. 

 

In passing, we want to mention that our experiments did not reveal a monotonic temperature 

dependence of C (see APPENDIX II.E). The main reason for the absence of such a temperature 

dependence is the assumption behind its calculation, which can be assessed with the numerical 

integration of the parameter of the polynomial fitting, i.e., డ஼డௗ = 2ܽ. A capacitance value of 

zero is assumed for this numerical integration at large d, i.e., d ≈ 90 nm. Although C 

approximates very low values at large d, the actual capacitance can be non-zero and is prone 

to change due to the total number of effective charge carriers, which may differ at different 
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locations on the surface due to different surface terminations of SrTiO3 and TiO2. [41, 206] As 

a result, the non-zero C and the local charge carrier variations across the surface make the 

comparison of the total capacitance irrelevant at different temperatures and even at different 

locations. Figure 3.4b shows that డ஼డௗ represents a similar variation for each measurement 

temperature. However, at d < 10 nm (or equivalently Fother < -0.01 nano newtons, as shown in 

Figure 3.4c), the monotonic variation డ஼డௗ diminishes. The observation of such a chaotic trend 

at d < 10 nm is consistent with the CPD measurements, which are expected to be dominated 

by local tip-sample interaction forces, as explained above (vide supra). Similarly, for the 

template-stripped gold sample, the variation of the CPD at close tip-sample separations is much 

weaker due to the absence of the variation of surface terminations (vide supra, also see 

APPENDIX II.B for further details). 

 

 
 

Figure 3.4 Measurement of the tip-sample capacitance, C, and the derivative of the tip-
sample capacitance as a function of tip-sample distance, d, and/or Fother (i.e., long-range, and 

chemical forces) for a single crystal SrTiO3 sample  

 

Figure 3.4 caption continued: (a) C was reconstructed with the numerical integration of tip-

sample capacitance,  డ஼డௗ. Monotonous temperature dependence is absent for C measurements, 

which may be due to the local variations of charge carriers and surface phases (see the main 

text for details). (b) డ஼డௗ vs. d reveals the same trend for each temperature and has rather a chaotic 
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trend at d < 10 nm, which corresponds to Fother < -0.01 nN highlighted with a dashed line. This 

chaotic trend is consistent with our contact potential difference measurements. (c)  డ஼డௗ vs Fother 

clearly shows that with the onset of attractive local forces, డ஼డௗ displays strong variations with 

d. 

 

3.5 Summary and Conclusions 

The temperature-dependent variation of contact potential difference (CPD) was monitored 

with scanning probe microscopy (SPM) experiments. By measuring the tip-sample interaction 

force, F, as a function of temperature, tip-sample bias distance, d, and tip-sample bias voltage, 

V, the temperature-dependent variation of CPD have been assessed for a single-crystal 

strontium titanate sample (SrTiO3), for a single crystal titanium dioxide (TiO2), and a template-

stripped gold sample. In addition, the variation of the tip-sample capacitance, C, and its 

derivative with respect to the tip-sample distance, డ஼డௗ , have been revealed. Our measurements 

clearly show that the CPD of the SrTiO3 and TiO2 sample decrease with increasing temperature 

at d > 10 nm, as the Fermi level of the sample shifts towards the conduction band with 

increasing temperature due to excess electrons in the conduction band, while the CPD of the 

template-stripped gold sample is inert to the temperature variations, as expected. For d < 10 

nm, both the CPD, C, and  డ஼డௗ as a function of d have rather chaotic variations, due to local F. 

As such, these findings are directly relevant to the design and understanding of emerging 

technologies for which inorganic oxides are utilized either as the main compound or substrate 

of thin films. We believe our results also build up the scientific basis of future SPM 

experiments involving the critical role of temperature variations in these applications. 
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4.1 Abstract 

The migration of charge carriers (e.g., electrons, holes) in metal oxides, such as TiO2, plays a 

vital role in (photo)catalytic applications. Nevertheless, photoinduced surface oxygen 

vacancies (PI-SOVs), prompted by high-energy ultraviolet irradiation, can significantly alter 

the dynamics of charge carriers. Here, we performed time-resolved atomic force microscopy 

measurements to quantitatively deliver the effect of such surface defects on the dynamics of 

fast (i.e., electrons) and slow (i.e., holes) charge carriers of TiO2 and TiO2/gold nanoparticle 

interface. Our results show that time constants and/or energy barriers associated with the 

migration of charge carriers change across the sample landscape due to PI-SOVs.  

 

Keywords: metal oxides, titanium dioxide, gold nanoparticles, time-resolved atomic force 

microscopy, electron dynamics, hole dynamics, high-energy ultraviolet irradiation, photo-

induced surface oxygen vacancies 
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4.2 Introduction and Background 

Metal oxides (MO) have been used for a wide range of environmental [11] and industrial 

applications such as electronics, [12] sensing, [13-15] catalysis, etc. [16, 248] The widespread 

use of MO exists thanks to the ability to manipulate properties at will. Defect engineering is a 

common technique to achieve desired properties without radically altering other 

characteristics, such as biocompatibility, toxicity, etc. [11, 36, 37, 42] Particularly, oxygen 

vacancy (VO) defects can act as highly reactive sites, even in small concentrations (i.e., a few 

ppm), altering the functional properties of MOs. [93, 249, 250] Although VO has high 

reactivity, experimental identification of such defect states under realistic conditions, e.g., 

ambient conditions, is particularly challenging due to low concentrations of VO. [250] Thus, 

the experimental investigation of real-time dynamics is essential, as these defects dominate the 

properties of MO in many catalytic and electronic applications. [113]  

The photoinduced surface oxygen vacancies (PI-SOVs), caused by high-energy ultraviolet 

(UV) irradiation, have been explored for many years. [115, 248] Enhanced Raman 

spectroscopy under photocatalytic conditions has enabled an in-depth understanding of the 

formation of such defect states. [13, 14] Although many photocatalytic interactions depend on 

the dynamics, mobility, and movement of both fast (e.g., electrons) and slow (e.g., ions, 

vacancies) charge carriers, the fast and slow timescale effects of surface VO on the charge 

carrier dynamics and the quantitative effect of metallic nanoparticles (enhancing the 

stability/density of defects) on these dynamics remain unclear. In a recent work, [35] we 

explored the effect of PI-SOVs on the hole migration barrier on a pristine TiO2 surface. More 

specifically, in the former work, we solely concentrated on how surface VO alters the dynamics 

and migration barrier of holes. [35] 

 

Here, we study the effect of PI-SOVs (prompted by high-energy UV irradiation) on fast and 

slow charge carriers via time-resolved atomic force microscopy (TR-AFM) measurements, 

while simultaneously exploring the effect of gold nanoparticles (Au-NPs). We conducted our 

measurements on Au-NP deposited titanium dioxide, i.e., TiO2, (see APPENDIX.III.A). Our 

measurements illustrate that the induced VO defects result in a decrease in time constants 
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associated with the migration of electrons. In addition, we quantified the effect of induced 

defects on the migration barrier of slow charge carriers, i.e., holes. Our respective 

measurements show that PI-SOVs lower the migration barrier of holes for both the TiO2 and 

TiO2/Au-NP interface. We believe that the observed statistical difference is caused by the 

effect of defects over the recombination and trapping mechanisms of fast and slow charge 

carriers. Our results express the important effect of VO on charge migration dynamics, which 

underlines the need for further studies of defects under realistic conditions. 

 

4.3 Experimental Methods 

The time-dependent, transient response of photogenerated charge carriers has been examined 

before. [114, 115, 251] The nature of our TR-AFM measurements does not allow the access to 

this transient response both due to the timescale of events as well as the amount of the tip-

sample interaction force induced by the transient recombination of charge carriers (see 

APPENDIX.III.B, III.D, III.E, and III.F). [114, 115, 120, 251, 252] Instead, we measure the 

collective motion of fast (i.e., electrons) and slow (i.e., holes) charge carriers due to an 

externally applied electric field with and without the UV irradiation of the sample.  

We used template-stripped gold, [39, 102, 103] TiO2 (single crystal, (100) surface, rutile-

terminated), [35, 39, 41] and Au-NP deposited TiO2 samples for our experiments (as illustrated 

by Figure 4.1, also see APPENDIX.III.A and III.H). TiO2 is a wide bandgap semiconductor 

(Ebg > 3eV), which absorbs photons within the UV region (  < 375 nm). [93, 94] As a result, 

we sealed the microscope to avoid external light. Previous studies have shown that low-energy 

irradiation (i.e.,   > 280 nm) is not capable of the formation of PI-SOVs, which are very 

sensitive to the wavelength of surface irradiation. [253] For this reason, in the former work, 

[14, 35, 44] high-energy UV irradiation (   = 254 nm and   = 255) was employed. To this 

end, we used a high-energy UV source (  = 255 nm, OP255-10P-SM by Crystal IS) and 

irradiated the sample with a power density of 1.3 mW/cm2 (see APPENDIX.III.G). 
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Figure 4.1 The schematic representation of the sample system illustrates the TiO2 (100) 
surface, deposited gold nanoparticle (Au-NP), and TiO2/Au-NP interface formed at the 

overlapping surface area. Oxygen vacancies are formed due to high-energy surface 
irradiation and are more stable across the interface 

 

The penetration depth of high-energy UV is estimated to be in the order of 10 - 30 nanometers, 

[90] even though some photons can reach larger depths. [254] For this reason, the absorption 

of UV is a surface phenomenon, which alters the charge carrier and defect concentration at and 

near the surface of the TiO2 sample. The major change across the surface is introducing surface 

VO, which can be either neutral (i.e., VO
0) or charged (e.g., VO

1+, VO
2+). [255, 256] The charge 

state of the surface VO is determined by the formation energy, defect density, and the 

conductivity of the TiO2. [35, 41, 112] Former theoretical work has revealed that VO
+-type 

oxygen vacancies are the most favourable ones and have the greatest effect on the conductivity 

of semiconducting TiO2 samples; crucial to many applications, ranging from electrical 

transport to photo/electrocatalysis. [255] To this end, VO
1+ is expected across the surface within 

the penetration depth due to surface irradiation, as illustrated in Figure 4.1. Moreover, the TiO2 

forms an interface with deposited Au-NPs across the overlapping section, where induced VO
1+ 

is more stable as explained in detail elsewhere. [44, 257] 
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4.4 Results and Discussion 

We employed two different TR-AFM techniques for fast and slow timescale events. Slow 

timescale events were measured by conducting classical TR-AFM, which can deliver dynamics 

of charge carriers with time constants from a few ms up to 100s of ms, as explained elsewhere. 

[35, 41, 43, 258] To summarize, we applied a voltage pulse between the sample and the tip. 

The applied bias led to a time-dependent Coulombic interaction, which results in a time-

dependent tip-sample interaction force. This force induced a corresponding time-dependent 

resonance frequency shift, ∆f. The time dependence of the demodulated ∆f delivers the 

dynamics of slow timescale charge carriers. Repeating this measurement as a function of 

temperature reveals the effective activation energy, Ea
*, associated with the collective motion 

of charge carriers. The migration barrier of a single carrier, Ea, can be extracted by Ea = Ea
* × 

β equation, where β is the stretching factor of the exponential fit for ∆f as a function of time.  

 

For fast timescale events, we used an extended version of sub-microsecond electrostatic force 

microscopy, originally developed by Giridharagopal et al. [59] and Karatay et al., [58] by 

employing commercial triggering and detection electronics. Figure 4.2 summarizes the 

experimental procedure that we used for the measurement of fast time-scale events. Fast time-

scale TR-AFM measurements require optimization of the experimental parameters (e.g., tip-

sample separation, tip-sample bias, sampling frequency, and number of measurements at each 

spatial point). [58, 59]  As summarized in Figure 4.2a, a tip-sample bias with an amplitude, 

i.e., Vbias = 7 Volts, and time constant, e.g., τ = 20 μs, is applied to the sample at an exact phase 

of the deflection signal (see APPENDIX.III.B, III.D, and III.E). Similar to the classical TR-

AFM, applying a localized electric field at a proximity to the sample (i.e., optimized tip-sample 

separation = 15 nm, see APPENDIX.III.E for details) causes charge carriers in the sample to 

move. [258] As presented in Figure 4.2b, the resulting interaction leads to an almost 

‘instantaneous’ variation of the deflection signal due to time-dependent, attractive tip-sample 

interaction. [58] Figure 4.2c shows that this procedure is repeated and integrated at each 

measurement point across the surface with a 20 MHz sampling rate to enhance the signal-to-

noise ratio (see APPENDIX.III.B and III.D). [58, 59] As represented in Figure 4.2d, the 
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recorded time versus deflection signal data is filtered with a numerical, 8th-order Butterworth 

filter, as explained elsewhere. [58, 59] Figure 4.2d also shows that the Hilbert transform is 

applied to the numerically filtered data, and the time derivative of the Hilbert transform data 

(i.e., instantaneous phase, Figure 4.2e) leads to the instantaneous resonance frequency shift, 

∆f, versus time. As Figure 4.2f shows the time to the first frequency shift peak, i.e., tfp, is 

associated with the movement of fast timescale charge carriers, as explained in detail elsewhere 

[58, 59] (see APPENDIX.III.B, III.D, III.E, and III.F). It is important to note that the tfp is 

associated with the charge carrier dynamics; however, it is also a function of the time constant 

of the applied bias voltage (i.e., τ, see APPENDIX.III.D and III.E). For this reason, the relative 

variation of the tfp is informative rather than its absolute value (vide infra, also see 

APPENDIX.III.B, III.D, III.E, and III.F). 

 

 
 

Figure 4.2 Schematic explanation of the experimental procedure for the measurement of fast 
timescale carrier dynamics  

 

Figure 4.2 caption continued: (a) To measure the time constants associated with the fast charge 

carriers, a tip-sample bias voltage, Vbias, with a well-defined amplitude (7 Volts) and time 

constant (τ = 20 μs) is applied to the sample at an exact phase difference (θ = 0º) between the 

deflection and the excitation signal, aexc. To investigate the effect of photoinduced surface 

oxygen vacancies, the sample is irradiated with an ultraviolet source (  = 255 nm, Pdensity ≈ 1.3 
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mW/cm2) and under ambient conditions. (b) The applied bias voltage, Vbias, results in an 

instantaneous change of the deflection signal. (c) The measurement is integrated, i.e., repeated, 

at the same spatial position across the surface to enhance the signal-to-noise ratio. (d) The 

averaged signal is filtered with an 8th-order Butterworth filter. The Hilbert transform is applied 

to the numerically filtered data. (e, f) The numerical derivation as a function of time is applied 

to the output of the Hilbert transform data (i.e., instantaneous phase) which delivers the 

instantaneous resonance frequency shift, ∆f, versus time, t. (f) The time to the first peak of the 

resonance frequency shift, tfp, delivers the time constant associated with the charge carrier 

dynamics. As detailed elsewhere, [58, 59] the measured tfp is a convolution of charge carrier 

dynamics and τ of Vbias. For this reason, the relative variation of tfp is important rather than its 

absolute value. We used a single crystal, rutile terminated TiO2 (100) sample for the data 

presented in this figure. 

 

The fast charge carriers (e.g., electrons) move freely in metallic surfaces (e.g., template-

stripped gold); however, in a MO sample (e.g., TiO2) they encounter frequent recombination 

centers (e.g., surface, and sub-surface defects), which ultimately results in a shorter mean-free 

path and slower effective displacement. [105] For this reason, although the time difference 

between the dynamic properties of fast charge carriers is minuscule on a metallic and 

semiconducting sample, there is a measurable difference, as Figure 4.3 shows. We also 

performed measurements to optimize the τ of Vbias. It is important to note that τ ≤ 5 μs is smaller 

than one full oscillation cycle of the cantilever. We believe that this amplifies measurement 

uncertainty and hampers the ∆f calculation. However, for τ ≥ 100 μs, slow timescale events, 

e.g., migration of holes, may contribute to the measured signal. Finally, the measured tfp value 

is inert to the sampling rate for τ ≥ 20 μs (Figure-A III.5). For these reasons, we employed an 

intermediate value, i.e., τ = 20 μs. Besides, the difference of the measured tfp value of fast 

charge carriers is maximized (∆tfp ≈ 3.6 μs) between metallic template-stripped gold and 

semiconducting TiO2 samples for τ = 20 μs.  
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Figure 4.3 The measurements to optimize the time constant of the tip-sample bias voltage, τ 

  

Figure 4.3 caption continued: We performed sub-microsecond time-resolved atomic force 

microscopy measurements on a template-stripped gold sample (i.e., ideal conductor with 

metallic surface states) and a metal oxide sample (i.e., TiO2) to measure the difference of the 

time for the first peak, tfp. τ= 20 μs avoids sub-cycle and slower timescale events (see text for 

details). Our measurements also show that, for τ = 20 μs, the difference of tfp values is 

maximized, ∆tfp ≈ 3.6 μs, as shown in the inset. For these reasons, we employed an ideal time 

constant of 20 μs for our measurements, τideal= 20 μs. 

 

Materials such as gold and TiO2 are influenced by electric fields created by Vbias. The resulting 

strong electric field mobilizes charge carriers both on the surface and in the bulk. Although 

charge carriers can recombine rapidly (i.e., nanoseconds), [45, 251] adsorbed water molecules 

[48] and local defect densities can alter charge recombination rates. [94, 259] Charge carriers 

exist in metal oxides under their intrinsic conditions and their interactions with each other and 

defects alter their migration barriers. [35, 41, 258] More specifically, the time-dependent 

electric field within the probing volume of the scanned probe, across the surface towards the 

bulk of the substrate, leads to a time-dependent tip-sample interaction force, which results in 

∆f of the oscillating probe as a function of time. [35, 41, 58, 59, 258] For this reason, TR-AFM-

based measurements deliver an average within a probing volume, which is determined by the 
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shielding of the applied electric field in the substrate. Specifically, the shielding of the applied 

electric field is linked to its magnitude, direction, and permittivity of the material, which is 

defined by the polarization of charges. [260] For this reason, the amplitude of Vbias and tip-

sample separation are optimized for TR-AFM experiments. 

 

Electrons, holes, and ions may govern the charge transfer in a material. [105, 261] For materials 

like LiFePO4 and LiAlSiO4, Li+ ions and electrons dominate the charge transfer. [262-264] 

Similarly, in K2O.2CaO.4SiO2 and Na2O.GeO2 glasses, K+ and Na+ ions are prominent charge 

carriers. [57] Nevertheless, in TiO2 electrons and holes are major charge carriers even without 

photogeneration, [114, 115, 251] as well as ions which can contribute to electrical conductivity, 

especially for the high oxygen partial pressures. [265] Carrier and defect concentrations, 

together with the surface phase, determine the charge mobility in TiO2. [41] The recombination 

of electrons and holes upon UV irradiation is a rapid effect in TiO2 with recombination rates 

in the order of nanoseconds or faster. [114, 115, 251]   

 

Figure 4.4 shows that we imaged the same area of the sample with and without UV irradiation. 

The blue shift of the tfp values for the same color scale in Figure 4.4b implies a decrease with 

respect to Figure 4.4a. Moreover, the histogram analysis based on TR-AFM measurements 

(Figure 4.4c) demonstrates that upon UV irradiation, the time constant associated with electron 

dynamics (i.e., tfp) decreases across the sample landscape by ~1.3 μs. Nevertheless, the 

numerical difference of measured tfp values is rather small. For this reason, the significance of 

the measured difference can only be justified with a statistical test. To this end, we performed 

the one-sided equality of means test (a.k.a, t-test) with a confidence level of 99.9%. [266, 267] 

The result of the statistical test robustly illustrated that the measured tfp distributions with and 

without UV irradiation (i.e., due to PI-SOVs) were statistically different.  
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Figure 4.4 Mapping of time constants (i.e., time for the first peak, tfp) associated with the 
migration of fast charge carriers (i.e., electrons) across the TiO2 (100) and TiO2/gold 

nanoparticle (Au-NP) interface with and without ultraviolet (UV) irradiation 

 

Figure 4.4 caption continued: The tfp values were spatially mapped and superimposed over the 

topography image of the Au-NP-deposited TiO2 (a) without UV irradiation and (b) with UV 

irradiation under ambient conditions. (c) The distribution of tfp values shows that they decrease 

for both TiO2 and TiO2/Au-NP interface differ due to UV irradiation. The observed decrease 
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is associated with the photoinduced surface oxygen vacancies due to UV irradiation, which is 

expected to alter the charge carrier’s migration and trapping mechanisms (as discussed in detail 

in the text). 

 

The time-resolved data were superimposed to topography data in Figures 4.4a and 4.4b, which 

enabled the identification of Au-NPs and TiO2 regions. (see APPENDIX.III.A and III.H, 

Figure-A III.2 and III.9). For the TiO2/Au-NP interface and TiO2 regions, tfp values are proven 

to be statistically different (t-test, confidence level = 99.9%). Moreover, our analysis showed 

that the tfp decrease is more dominant at the TiO2/Au-NP interface (a drop of ~1.4 μs, from 

97.1 ± 0.8 μs to 95.7 ± 0.7 μs) compared to TiO2 regions (a decrease from 96.4 ± 0.6 μs to 95.4 

± 0.5 μs, i.e., a drop of ~1 μs.). As former studies illustrate, the TiO2/Au-NP interface forms a 

Schottky junction which stabilizes PI-SOV formation and reduces their formation energy. [44, 

257] Our results imply that the increased PI-SOV density at the interface leads to a statistically 

more prominent decrease in the time constants of electrons. This decrease can be explained by 

the increasing number of charge recombination centers. Nevertheless, the TiO2 region, i.e., 

regions without Au-NP coverage, has a larger formation energy of PI-SOVs, and the decrease 

of tfp values is less pronounced compared to the TiO2/Au-NP interface. In passing, we want to 

note that, although reported tfp variations upon UV irradiation were mathematically justified, 

the comparison of tfp values for metallic and semiconducting surfaces is the benchmark for the 

maximum observable difference. Figure 4.3 discloses the difference of tfp between a metallic 

and semiconducting surface as ~3.6 μs. Thus, the variation of tfp values of TiO2 and TiO2/Au-

NP interface due to PI-SOVs is within the expected physical limits. The mobility and the drift 

velocity of electrons have a direct relationship for an externally applied electric field (see 

APPENDIX.III.I). Moreover, the drift velocity of electrons is correlated with their decay time 

constants, i.e., tfp. [268, 269] For this reason, the decrease in the measured tfp of electrons also 

implies a decrease in their mobility. To this end, one can speculate that the tfp can be used as a 

gauge to reveal the relative variation of mobility, locally across the sample landscape as a 

function of defect density. 
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We performed conventional TR-AFM measurements to reveal the effect of PI-SOVs on the 

migration barrier of slow charge carriers with the presence of Au-NPs. As Table 4.1 

summarizes, the energy barriers associated with the migration of holes decrease both for the 

TiO2 and TiO2/Au-NP interface. The observed decrease in the single charge carrier migration 

barrier, Ea, can be explained by its relationship with mobility (see Equation AIII.13 in 

APPENDIX.III.I). The relative positions of defects, e.g., VO, may promote recombination and 

an increase in carrier separation. [93, 270, 271] Both recombination and carrier separation can 

alter mobility, as Equation AIII.13 illustrates. An increase in carrier separation increases 

mobility. However, it is known that with increased defect density, the mobility decreases in 

MOs. [105] For this reason, the decrease in Ea is expected to be compensated by other factors 

including the carrier separation. 

 

 It is known that small polarons (electron polarons and hole polarons) are common in TiO2 

originating from oxygen vacancies. [272, 273] Holes as part of small polarons, can be confined 

in low-energy traps, which can alter their lifetime and mobility. [95, 250, 272, 273] Also, at 

around room temperature, holes have enough time to recombine for the migration towards 

stable trapping sites and to localize around defects. [96, 97] To this end, VO and surface-

bridging oxygen can form high-energy traps and alter the dimensionality of the motion of 

charge carriers, which decreases mobility. [95, 98, 99] Table 4.1 demonstrates that the Ea for 

the TiO2/Au-NP interface is higher compared to the pristine TiO2 region both with and without 

UV irradiation. This can be explained by the enhanced stability of VO due to Au-NPs. [44, 257] 

The enhanced stability of VO can act as trapping sites which results in a higher Ea at the 

TiO2/Au-NP interface. Moreover, Au-NPs can alter the trapping of electrons and holes. [97, 

100] In other words, positive self-trapping energy for polaronic hole formation, e.g., small 

polarons with oxygen vacancies, can further contribute to trapping of charge carriers at the VO 

across the TiO2/Au-NP interface. [101] 
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Table 4.1 The migration barriers of slow charge carriers (i.e., holes) in TiO2 and TiO2/gold 
nanoparticle (Au-NP) interface and their variation due to photoinduced surface oxygen 

vacancies (PI-SOVs) prompt by high-energy ultraviolet (UV) irradiation  

 
 

Effective Activation 
Energy, Ea

* 

Stretching 
factor,  ઺ 

Single Charge Carrier 
Migration Barrier, Ea 

TiO2 region (UV OFF) 132.6 ± 27.2 meV 0.64 ± 0.09 85.0 ± 21.4 meV 
TiO2/Au-NP interface (UV OFF) 225.6 ± 7.2 meV 0.65 ± 0.08 145.7 ± 18.4 meV 
TiO2 region (UV ON) 30.6 ± 14.8 meV 0.70 ± 0.04 21.3 ± 10.4 meV 
TiO2/Au-NP interface (UV ON) 147.3 ± 18.8 meV 0.70 ± 0.05 102.7 ± 15.0 meV 

 

Table 4.1 caption continued: We performed conventional time-resolved atomic force 

microscopy measurements across Au-NP-deposited TiO2 surface, as a function of sample 

temperature (25 °C to 65 °C, with 10 °C increments). Spatially correlated measurements were 

retrieved for both TiO2 and TiO2/Au-NP interface, which disclose the effective activation 

energy (i.e., Ea
*), stretching factor of the exponential fit (i.e., β), and the single charge carrier 

migration barrier (i.e., Ea) associated with the migration of holes in TiO2 and TiO2/Au-NP 

interface. [35, 41, 43, 258] Our results show that upon UV irradiation, energy barriers 

associated with the migration of charge carriers decrease across the sample landscape. 

However, the decrease among the TiO2/Au-NP interface is less compared to TiO2 regions. We 

believe that the enhanced stability of PI-SOVs plays a role in this observation. 

 

4.5 Summary and Conclusions 

The effect of photoinduced surface oxygen vacancies (PI-SOVs), due to high-energy 

ultraviolet (UV) irradiation, in fast (i.e., electrons) and slow (i.e., holes) charge carrier 

relaxation lifetimes and/or related migration barriers were disclosed in TiO2 and TiO2/gold 

nanoparticle (Au-NP) interface. Our results statistically show that the time constant associated 

with the migration of electrons decreases upon UV irradiation. Moreover, the decrease in the 

TiO2/Au-NP interface is more significant compared to TiO2 regions due to the enhanced 

stability of PI-SOVs, which plays a role in charge transfer and recombination mechanisms. 

Moreover, the mobility of holes decreases upon defect generation due to UV irradiation. To 
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this end, we believe that the decrease in the migration barrier of holes is compensated by carrier 

separation, hole trapping, and dimensionality of charge transfer. We also observed a higher 

migration barrier of holes at the TiO2/Au-NP interface compared to bare TiO2 regions. It is 

expected that the enhanced stability of PI-SOVs and polaronic electron trapping contribute to 

the higher migration barrier. Our findings are critical to the understanding and the design of 

emerging (photo)catalytic systems which rely on the migration and mobility of charge carriers 

in metal oxides. Moreover, we also believe that our results structure the scientific basis of time-

resolved measurements that account for the important impact of PI-SOVs in (photo)catalytic 

applications. 
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5.1 Abstract 

The migration of holes in metal-oxide semiconductors (MOS) such as TiO2 plays a vital role 

in (photo)catalytic applications. The dynamics of charge carriers under operation conditions 

can be influenced by both methanol addition and photoinduced surface oxygen vacancies (PI-

SOVs). Nevertheless, the existing knowledge of the effect of methanol as a function of PI-

SOVs solely concentrates on the chemical reduction process. For this reason, the fundamental 

understanding of the time-dependent charge carrier-vacancy interactions with the presence of 

methanol is impaired. Here, we conducted time-resolved atomic force microscopy 

measurements to quantitatively disclose the effect of methanol adsorption on the dynamics of 

hole migration in TiO2. Our results show that time constants associated with the migration of 

charge carriers significantly change due to methanol adsorption. Moreover, the energy 

landscape of the hole migration barrier was dominated and lowered by PI-SOVs. Our findings 

contribute to the physics of charge carrier dynamics by enabling the engineering of charge 

carrier-vacancy interactions. 

 

 
 
4 Orcun Dincer (2024, p. 021125) 
Bugrahan Guner’s contributions: Experiment design (lead), Sample preparation (equal), Conceptualization (lead); 
Data curation (equal); Formal analysis (lead); Investigation (equal); Methodology (equal); Software (lead); 
Validation (equal); Visualization (equal); Writing – original draft (supporting); Writing – review & editing 
(equal). 
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5.2 Introduction and Background 

The solar-light-driven sustainable energy is a viable alternative for reducing the dependence 

on fossil fuels. [19-21] Integration of light harvesting and redox functionalities is important for 

solar energy conversion. [115, 274, 275] Semiconductor photocatalysis initiates upon the 

absorption of a photon with energy exceeding the bandgap energy, which triggers 

photoexcitation and an interband transition that gives rise to conduction band electrons and 

valence band holes. [276, 277] Although the formation of electron/hole pairs occurs swiftly on 

a timescale of femtoseconds, they rapidly recombine, either within the bulk or at the surface. 

[48] The low efficiency of semiconductor-based systems is generally attributed to the disparity 

in lifetimes between photogenerated charge carriers (i.e., femtoseconds to nanoseconds), and 

the slow kinetics of the redox reaction (i.e., milliseconds to minutes). [49, 50] This difference 

results in a significant amount of electron/hole recombination. Therefore, it is essential to 

understand the dynamics of charge carriers, as well as their interaction with surface redox 

processes, to enhance the performance of photocatalytic systems. [45-47] Metal-oxide 

semiconductors (MOS) attracted significant interest due to their tunable properties, which 

enable precise control over surface characteristics and electronic configurations, thereby 

enhancing their catalytic performance. Nevertheless, TiO2 has emerged as a focal point in 

photochemical studies. [45, 278-280] The effectiveness of TiO2 for applications relies on the 

interaction between its surface and the adsorbate, influenced by its electronic structures. [87, 

281] To this end, recent work investigated charge carrier dynamics of the TiO2. [35, 39, 45, 

48, 282, 283]  

 

Moreover, the surface structure of TiO2 is strongly affected by organic solvents, surface 

hydroxyls, and adsorbed water due to the presence of a passivation layer. [259, 284, 285] Being 

the simplest form of organic alcohol, methanol is utilized in various applications in 

photocatalytic systems, e.g., hole scavenger, hydrogen production, and reduction of CO2. [286-

288] Even though the interaction between the TiO2 and methanol has been heavily investigated 

to reveal its effect on photocatalytic activity, [279, 284, 289-292] a fundamental understanding 

of the dynamics of the charge carriers is still lacking. Likewise, the efficiency of photochemical 
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processes is determined by the fraction of photogenerated charge carriers that reach the surface 

of the catalyst to react with adsorbed electron acceptors and donors. [46, 293] Nevertheless, 

both methoxy and formaldehyde can be produced due to the photocatalytic reaction of 

methanol. Their formation kinetics is based on the methanol’s tendency to react with 

photogenerated agents, i.e., electrons and holes. [294, 295] More specifically, the adsorption 

of methanol molecules on the TiO2 surface can result in their reduction to methoxy anions 

through interaction with photogenerated electrons, while holes act as oxidizing agents, leading 

to the formation of formaldehyde molecules under irradiation. [289, 291] Therefore, it is 

essential to understand the dynamics of the charge carrier variations under representative 

conditions, i.e., at a wide range of operating temperatures and under high-energy ultraviolet 

(UV) irradiation which leads to photoinduced surface oxygen vacancies (PI-SOVs). [14, 35, 

44]  

 

Here, we employed time-resolved atomic force microscopy (TR-AFM) to investigate the 

impact of methanol and UV irradiation on the charge carrier dynamics of a single-crystal, 

rutile-terminated TiO2 (100) sample. We have three major findings: (I) The addition of 

methanol decreased the time constant, and hence, the mobility of the charge carriers. (II) The 

energy barrier within the system was decreased by UV irradiation; however, the presence of 

methanol did not alter the corresponding barrier. (III) The reversibility of the charge carrier 

dynamics was observed upon the termination of UV irradiation. Our findings express the 

variation of charge migration dynamics of MOS in the presence of methanol as a function of 

UV irradiation. We believe that our results will pave the way for both quantitative 

measurements of charge carrier dynamics and their industrial applications. 

 

5.3 Experimental Methods and Sample Preparation 

We used a single-crystal, undoped, TiO2 (100) sample (by MSE Supplies LLC). A well-

established procedure was followed, as detailed elsewhere. [35] In brief, we annealed the 

sample at 1270 K for 10 hours, including ~3 hours for both heating and cooling. Resulting in 

a rutile-terminated surface, this process yielded atomically flat terraces devoid of clusters of 
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carbon contamination. [35] Surface stoichiometry and defect density of wide-bandgap 

semiconductors such as TiO2 are very sensitive to irradiation (vide infra). For this reason, the 

microscope was sealed to avoid external light. Nevertheless, the surface was irradiated with a 

built-in halogen lamp. Moreover, it was shown by some previous studies that low-energy 

irradiation (i.e.,   > 280 nm) is not capable of the formation of PI-SOVs, which are very 

sensitive to the wavelength of surface irradiation. [253] In former work, [14, 35, 44] high-

energy UV irradiation (   = 254 nm and   = 255) was employed. For this reason, the high-

energy UV component (i.e.,   = 255 nm) of the light source was measured with a power meter 

(Slim Photodiode Power Sensor, S130VC by THORLABS) as 2.6 ± 0.1 mW/cm2, which is a 

similar power density employed in the former TR-AFM studies. [35] ~2.5 μL of methanol (≥ 

99.8% purity, ACS Grade, by Fisher Chemical) was added to the surface of the sample with a 

micropipette. We waited for 15 minutes for the complete evaporation of methanol before UV 

irradiation. Darker regions/spots on the TiO2 surface under a light microscope were evident 

upon methanol exposure.   

 

Measurements were carried out using a customized VEECO EnviroScope equipped with new 

hardware and software components, as detailed elsewhere. [61] We used gold-coated 

microcantilever probes (OPUSTIPS, 4XC-GG, tip radius < 30 nm, stiffness ~9.0 N/m, and 

resonance frequency ~150 kHz) with an oscillation amplitude of ~8 nm peak-to-peak. We 

employed the standard frequency-modulation atomic force microscopy technique, which relies 

on the resonance frequency shift, Δf, of the cantilever due to tip-sample interaction. [72] We 

performed TR-AFM on the TiO2 sample to measure the charge carrier dynamics. [43] As 

Figure 5.1 illustrates, the bias voltage, Vbias, was applied between the probe and the sample. 

The Vbias, (a voltage step with a peak-to-peak amplitude of 5 Volts) induces a time-dependent 

Coulombic interaction within the probing volume of the tip across the sample. The time-

dependent interaction was accessed by demodulating Δf of the cantilever probe. The 

exponential variation of Δf with time delivers the time constant associated with the migration 

of charge carriers, τ*. The measurement of τ* as a function of sample temperature, T, reveals 

the energy barrier associated with the migration of charge carriers, Ea
*. [43] The migration 

barrier of a single carrier, Ea, can be disclosed by Ea = Ea
* × β, where β is the stretching factor 
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of the exponential fit, which is associated with the collective motion of charge carriers. [35, 

43] 

 

 
 

Figure 5.1 Schematic explanation of the experimental setup and the local measurement of 
charge carrier dynamics as a function of methanol, ultraviolet (UV) irradiation, and 

temperature of the sample  

 

Figure 5.1 caption continued: A bias voltage, Vbias, (i.e., a voltage step with an amplitude of 5 

Volts) was applied between the tip and the sample, which results in a time-dependent 

Coulombic interaction force. This time-dependent force induces a resonance frequency shift, 

Δf, which was demodulated. We repeated the measurement at each data point to enhance the 

signal-to-noise ratio. A stretched exponential fit was applied to Δf as a function of time, t. The 

decay of the stretched exponential fit, τ*, is associated with the migration dynamics of charge 

carriers. The stretching factor, , is linked to the collective motion of charge carriers. To 

investigate the effect of charge carrier recombination and trapping mechanisms, methanol was 

applied to the surface and the sample was irradiated by a light source with a high-energy UV 

component (Pdensity ≈ 2.6 ± 0.1 mW/cm2 at   = 255 nm). Repeating measurements as a function 

of sample temperature reveals the migration barrier of charge carriers. 

 

UV can penetrate the bulk for tens of nanometers; [35, 90] however, some phonons can reach 

larger depths. [115, 254, 296] For this reason, UV absorption is a surface phenomenon that 
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alters the charge carrier and defect concentration at and near the surface of the TiO2 sample by 

introducing surface oxygen vacancies. [35, 114, 115] Although the transient response of the 

photogenerated charge carriers was examined before, [114, 115] our measurements solely 

concentrate on the variation of charge carrier dynamics with the presence of methanol as a 

function of UV irradiation. The recombination rate of charge carriers is in the order of 

nanoseconds for TiO2. [45, 251, 297] However, sample imperfections such as defects, and 

strongly bounded chemical species as well as interaction with other charge carriers can alter 

the migration barrier. [41, 259, 298] TR-AFM delivers the dynamics of charge carrier 

migration within a probing volume, which is determined by the shielding of the applied electric 

field within the substrate.  

 

5.4 Results and Discussion 

Charge transfer in a material can be governed by electrons, holes, and ions. [299-301] Electrons 

and holes dominate the charge transfer in TiO2. [114, 115, 251] The charge mobility in TiO2 

is governed by carrier and defect concentrations, together with the surface phase and 

stoichiometry. [93, 114, 251, 271] The dynamics of electron migration happen in relatively 

short lifetimes beyond the capability of conventional TR-AFM. [35, 93, 115, 271] For this 

reason, τ* measured in our experiments corresponds to the migration of holes, which are orders 

of magnitude slower, as previously studied in similar sample systems. [35, 41]  

 

Figure 5.2 shows the natural logarithm of τ* values in milliseconds (i.e., vertical axes) as a 

function of sample temperature, and illustrates that TiO2 exhibited an Ea
* of 177 ± 27 meV 

under dark conditions. TiO2 is a wide bandgap semiconductor (Ebg = 3 eV). [302] For this 

reason, TiO2 absorbs light in the UV region (< 420 nm). [303] To this end, we irradiated the 

surface with a built-in halogen lamp containing high-energy UV components (i.e.,   = 255 

nm) to reveal the effect of PI-SOVs (vide supra). Upon UV irradiation, Ea
* decreases to 86 ± 

5 meV (~50% decrease compared to dark conditions), while exhibiting a statistically justified 

(by t-test), robust decrease of ~50% in τ* values (as can be seen by direct comparison of the 
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vertical axes of Figure 5.2a and 5.2b). The Ea decreases from 129 ± 21 meV to 62 ± 6 meV 

(~50% decrease) upon UV irradiation, while the corresponding β values are ~0.73. 

 

 
 

Figure 5.2 Measurement of the effective activation energy barrier of holes in a rutile-
terminated, single-crystal, TiO2 (100) sample  

 

Figure 5.2 caption continued: We measured the time constant associated with the migration of 

holes, τ*, as a function of sample temperature, T. The corresponding migration barrier, Ea
*, was 

obtained from the slope of the Arrhenius plot of the natural logarithm of τ* in milliseconds, 

ms, versus 1/(kBT), where kB is the Boltzmann constant, and T is in Kelvin. The migration 

barrier of a single carrier, Ea, was disclosed by Ea = Ea
* × β, where β was the stretching factor 

of the exponential fit, associated with the collective motion of charge carriers. (a, b) Our 

measurements show that Ea
* and Ea decrease with ultraviolet (UV) irradiation. In addition, 

upon surface irradiation, τ* decreases for all temperature ranges, which highlights a decrease 

in the charge carrier mobility. (c) The decrease in Ea
* and Ea recover (partially) over time (i.e., 

2 hours) with the termination of the surface irradiation. The vertical error bars show the 

variation of τ* across the surface (i.e., 18 different measurement points spaced 40 nanometers 

apart with 20 repetitions at each point to enhance the signal-to-noise ratio). 

 

The decrease in the charge carrier mobility, μ, is expected due to an increased concentration 

of defects induced by surface irradiation with UV components. [35, 41] The μ is linearly 
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correlated with τ*, i.e., the decrease in τ* implies a decrease in the μ. Although the decrease in 

μ is expected and justified by a decrease in τ*, the decrease in Ea is expected to promote an 

increase in μ. [41] Former studies [41] show that μ also depends on the distance between 

individual holes and vacancies as well as the dimensionality of the charge transfer, which was 

defined as the number of dimensions that charge carriers can move along. Both the number of 

physical dimensions of the material (e.g., two-dimensional films versus bulk) and local 

electronic effects such as electron traps can alter the number of dimensions that charges can 

move. To this end, the dimensionality of the charge transfer and the distance between 

individual holes and vacancies can also alter μ via low-energy traps and differences in charge 

recombination and trapping mechanisms induced by PI-SOVs. [95, 304] Nevertheless, positive 

self-trapping energy for polaronic hole formation and electron trapping effect can contribute 

to the dimensionality of the process and contribute to the decrease in μ. [101] We believe that 

these other factors (vide supra) compensate for the decrease in Ea.  

 

Formerly, it has been shown that PI-SOVs fully recover after ~90 minutes by employing TR-

AFM and Raman studies. [14, 35, 44] Here, our statistical analysis (by t-test) confirms a robust 

recovery of τ*, as presented by the vertical axes of Figure 5.2a and Figure 5.2c. In addition, we 

tested the effect of PI-SOVs on Ea
*. Although τ* was mainly recovered under dark conditions, 

our measurements illustrate a partial recovery of the barrier after two hours (Ea
* = 128 ± 13 

meV, corresponding Ea = 96 ± 10 meV and β = 0.75 ± 0.03). This occurrence may be attributed 

to the density of surface irradiation with UV components and the necessity of a longer waiting 

time under dark conditions, as it is well-known that very small concentration variations of PI-

SOVs can alter charge recombination and trapping mechanisms. [45, 298]  

 

We performed TR-AFM measurements to quantify the effect of methanol combined with UV 

irradiation on the charge carrier dynamics of TiO2. Figure 5.3 illustrates the variation of τ* (the 

natural logarithm in milliseconds presented in the vertical axes), Ea
*, and Ea as a function of 

UV irradiation on a TiO2 sample with methanol coverage. Although Ea
* and Ea values increase 

by ~15 and ~12% respectively for pre-covered TiO2 under dark conditions when compared to 

results presented in Figure 5.2, τ* values exhibit a decrease up to ~30% (the natural logarithm 
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of τ* values in milliseconds presented in the vertical axes both Figure 5.2 and 5.3) due to 

exposing the surface to methanol. These statistical differences were justified statistically by 

the t-test. The statistical decrease in τ* indicates that methanol alters the hole mobility, which 

is consistent with methanol's tendency to induce a trapping effect on holes. The decrease in τ* 

values was amplified to ~42% by surface irradiation, as can be seen by the comparison of the 

vertical axes of Figures 5.3a and 5.3b.  Nevertheless, the surface irradiation dominates the 

variation of Ea
* and Ea, ~60% decrease as shown by Figures 5.3a and 5.3b. Moreover, the 

surface recovers upon the termination of the irradiation as shown in Figure 5.3c, similar to 

results obtained under the absence of methanol (i.e., Figure 5.2). 

 

 
 

Figure 5.3 Measurement of the effective activation energy barrier of holes in a rutile-
terminated, single-crystal, TiO2 (100) sample in the presence of methanol as a function of 

ultraviolet (UV) irradiation  

 

Figure 5.3 caption continued: We measured the time constant associated with the migration of 

holes, τ*, as a function of sample temperature, T. The corresponding migration barrier, Ea
*, was 

obtained from the slope of the Arrhenius plot of the natural logarithm of τ* in milliseconds, 

ms, versus 1/(kBT), where kB is the Boltzmann constant, and T is in Kelvin. The migration 

barrier of a single carrier, Ea, was disclosed by Ea = Ea
* × β, where β was the stretching factor 

of the exponential fit, associated with the collective motion of charge carriers. (a, b, c) Our 

measurements illustrate that Ea
* and Ea

 values increase by ~15 and ~12% respectively for pre-
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covered TiO2 when compared to Ea
* and Ea values presented in Figure 5.2a, and the UV 

irradiation dominates the variation of Ea
* and Ea. Nevertheless, τ* values decrease up to ~30% 

for the pre-covered sample under dark conditions. The vertical error bars show the variation of 

τ* across the surface (i.e., 18 different measurement points spaced 40 nanometers apart with 

20 repetitions at each point to enhance the signal-to-noise ratio). 

 

The stability and mechanism of methanol adsorption are affected by the surface orientation, 

termination, defect density, and temperature. [279, 289, 305] Methanol can be adsorbed both 

molecularly and dissociatively on a TiO2 (001) surface at 200 K. [306] However, at relatively 

higher temperatures, e.g., room temperature, molecular methanol is desorbed from the surface. 

[281, 307] Nevertheless, it was shown that surface defects increase the coverage of methanol 

on the (100) and (110) TiO2 surfaces. [308]  

 

Previous works indicate that surface methoxy groups interact with uncoordinated ܶ݅ହ௖ସା sites, 

[291, 309-311] and in many cases, primary adsorbate species are methoxy groups on TiO2 

when exposed to methanol. [291, 312-315] Although it was reported that methoxy adsorbates 

are highly stable at room temperature, it is possible to induce molecular desorption from the 

surface with increasing temperature. Studies on the thermal stability of methanol on TiO2 

surfaces show that molecular and recombinative desorption of defective rutile TiO2 (110) 

surfaces occurs around 320 K – 380 K. [316, 317] However, our statistical analysis shows a 

decrease in τ* due to methanol addition (vide supra). For this reason, we believe that the 

methanol did not desorb from the rutile terminated, TiO2 (100) surface at temperatures up to 

~340 K.  The observed variation in τ* can be explained by the reaction of methanol as a hole-

scavenging agent. Interaction of methanol with the 5-coordinated titanium (Ti5c) sites results 

in formaldehyde upon UV radiation. [275, 281, 318] This reaction involves the relocation of 

dissociated hydrogen atoms to the adjacent bridging oxygen sites and therefore inducing 

interfacial hole transfer. [291] The adsorption of methanol on the surface in the form of 

methoxy promotes charge separation by hole trapping in the depletion region and increases the 

density of accessible surface electrons. [289, 291] While methoxy anions are investigated on 

the charge separation phenomena, the molecular form of the methanol was reported to be an 
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effective hole scavenger agent. [319, 320] Especially in the photocatalytic splitting of water 

into hydrogen by consuming the excess holes, the photogenerated electrons are trapped to the 

surface of TiO2 instead of reducing the H+ ions. [321] Therefore, conversion of methanol in 

any state, whether reduced (i.e., methoxy), oxidized (i.e., formaldehyde), or chemically 

adsorbed can exist on the surface simultaneously and potentially contribute to the variation of 

the charge carrier dynamics. Hence, our focus is to disclose the overarching influence of 

methanol on the TiO2 surface, rather than exploring the intrinsic contributions of photocatalytic 

products of methanol. Disentangling the contributions of the products of methanol upon UV 

irradiation requires an investigation of temperature-dependent photochemical reactions, which 

is beyond the scope of this work. 

 

5.5 Summary and Conclusions 

In conclusion, our study explored the dynamics of charge carriers in a rutile-terminated, single-

crystal TiO2 (100) sample under the influence of methanol as a function of surface irradiation. 

Given the pressing need for sustainable energy solutions, our investigation revealed three 

major findings. First, the application of methanol to the TiO2 surface resulted in a decrease in 

time constant (τ*) and subsequent reduction in charge carrier mobility, emphasizing methanol's 

significant impact on charge migration. Second, surface irradiation effectively lowered the 

migration barrier (Ea
*). Nevertheless, the presence of methanol altered this barrier slightly, 

highlighting the distinct influence of irradiation on the energy landscape of charge carriers. 

Third, upon termination of the irradiation source, a partial recovery of the activation energy 

barrier was observed over time, correlated with the reversibility of the charge carrier dynamics. 

Finally, our analysis of methanol's role in hole mobility as a function of surface irradiation 

contributes to the understanding of surface interactions and charge carrier dynamics, offering 

valuable insights for (photo)catalytic applications.  
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6.1 Abstract 

High-energy ultraviolet (UVC) irradiation of metal oxides (MOs, e.g., TiO2) results in 

photoinduced surface oxygen vacancies (PI-SOVs), which can change the charge carrier (e.g., 

electrons and holes) migration dynamics.  Although PI-SOVs alter the electronic and chemical 

properties of MOs, there is no consensus on the penetration depth of the UVC irradiation, 

which induces PI-SOVs and is an important variable for the design and operation of MO-based 

systems. Here, we performed optical transmission and time-resolved atomic force microscopy 

measurements on back-illuminated TiO2 samples. Our experiments show that the effect of 

UVC irradiation on MOs can be observed hundreds of micrometers across the bulk, i.e., orders 

of magnitude larger than previously postulated values. We believe that our findings would be 

important both for the fundamental understanding of UVC irradiation/penetration and for 

device design/fabrication processes.  

 

 
 
5 Bugrahan Guner (2025, p. 83) 
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6.2 Introduction and Background 

Metal oxides (MOs), e.g., TiO2, are widely used for solar energy, battery, sensor, and 

biomedical applications. [82-88] The ability to tune their properties (e.g., electrical, chemical) 

without altering desired characteristics and their relatively low cost are major reasons for their 

widespread use. [12, 14, 15, 42] To this end, it is known that the ultraviolet (UV) irradiation 

of MOs plays an important role in many applications. [37, 249, 250] More specifically, high-

energy UV (a.k.a., UVC) irradiation can change surface stoichiometry and chemistry by 

introducing photoinduced surface oxygen vacancies (PI-SOVs) and through resulting chemical 

reactions (e.g., formaldehyde formation of methanol on Ti5c sites). [14, 35, 40, 44, 273]  

 

TiO2, a wide bandgap semiconductor (Ebg > ~3 eV), absorbs light (λ < ~400 nm). [42, 93, 94] 

However, PI-SOVs are sensitive to irradiation wavelength and are induced only by UVC 

irradiation (λ < 280 nm). [14, 35, 44, 253] Although the existence of PI-SOVs is well-

supported, there is no agreement on the penetration depth of the UVC. [90, 115, 254, 296, 322-

325] Being the nucleus of a decades-old interest, the claims of the penetration depth of UVC 

range between 10-30 nm up to the micrometer level. [90, 115, 254, 296, 322-325] The 

uncertainty of the UVC penetration depth not only hinders the complete understanding of 

UVC-sample interaction but also impedes the longevity of sample systems where TiO2 is used 

as an electron transfer and/or UV protection layer. [326] Formerly, Raman spectroscopy and 

time-resolved atomic force microscopy (TR-AFM) were utilized to explore the effect of PI-

SOVs. [14, 35, 38, 40, 44] In our previous works, we performed TR-AFM measurements to 

understand the influence of UVC irradiation and/or photocatalytic reactions on the charge 

carrier dynamics of TiO2 and similar sample systems. [35, 38, 40]  

 

Here, we measured the transmission and the effect of back illumination of UVC (λ = 255 nm) 

irradiation on a polycrystalline TiO2 film and a single-crystal TiO2 sample. Our measurements 

show two major findings, which are important for the basic understanding of UVC-MO 

interaction and potentially, for MO-based device design. First, even though the majority of 

incident UVC is absorbed within the first few tens of nanometers, the UVC irradiation has a 
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measurable transmission even through 500 μm-thick samples. Moreover, as expected, the 

measured transmission is inversely proportional to the TiO2 thickness and the illumination 

density. Second, the effect of back illumination of UVC has a dominant influence on the charge 

carrier dynamics, which has been quantified via TR-AFM measurements as a function of UVC 

illumination density for the single crystal TiO2 sample. We believe that the observed variation 

of charge carrier dynamics and its dependence on back illumination power density originates 

from the PI-SOVs and their collective motion. Our results reveal that the effect of UVC 

irradiation on MOs can extend through hundreds of micrometers and alter carrier dynamics in 

TiO2 across the bulk. We believe our results are important for a fundamental understanding of 

the interaction of UVC with MOs and for the design of sample systems utilizing MOs in which 

TiO2 is employed either as an electron transfer or UV protection layer.   

 

6.3 Experimental Methods and Sample Preparation 

6.3.1 Preparation of Polycrystalline TiO2 Films 

46 nm-thick polycrystalline TiO2 film was prepared on a fused silica glass substrate using 

molecular beam epitaxy (MBE). [327, 328] The silica glass (by MTI Corporation, UV Grade 

Fused Silica Glass) was cleaned at 500 °C in a 2.0 × 10-6 Torr O2 atmosphere for 60 mins in 

the ultra-high vacuum chamber before the growth. The TiO2 film was later prepared in the 

same MBE chamber. The substrate temperature was at 500 °C during the growth. The Ti flux 

of ~1.1 × 1013 atoms·cm-2·s-1 (measured using quartz crystal microbalance) was employed. 

The O2 partial pressure was 2.0 × 10-6 Torr during the growth. The film thickness was 

confirmed by fitting X-ray diffraction reflectivity measurements. 

 

6.3.2 Preparation of a TiO2 (100) Single Crystal 

We utilized a 500 μm-thick, undoped TiO2 single crystal (by MSE Supplies LLC). We 

followed an established recipe, as detailed elsewhere. [35, 38, 40, 41, 206] Briefly, TiO2 crystal 

was annealed at 1000 °C for 10 hours, in addition to heating and cooling periods (~3 hours 
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each). This method creates rutile-terminated, atomically flat terraces that are free of carbon 

clusters (see APPENDIX IV.A for further details). [35] Avoiding large clusters of 

contamination is important both for the stability of the TR-AFM measurements and to be able 

to extract intrinsic properties of MBE-grown thin films (vide supra) and single crystals. 

 

We used a rutile-terminated surface, as the anatase termination is more susceptible to particles 

in the air under UVC irradiation and ambient conditions. [208-212] For this reason, adsorbed, 

undesired particles could impede the characterization of charge carrier dynamics and their 

variation with PI-SOVs. 

 

Being a slightly more stable configuration compared to the (100) surface, in TiO2 (110), Ti 

atoms can have either five or six coordination numbers, while the coordination number of the 

(100) surface is constant and five. [329-331]  Our focus in this work is to understand the 

penetration depth of the UVC irradiation and its electronic effects across the sample, rather 

than revealing site-dependent variation of charge carrier dynamics. For these reasons, to 

eliminate any coordination number-dependent variation of time-resolved properties, we 

employed a TiO2 (100) surface as our single crystal sample. 

 

6.3.3 Back Illumination of Samples with Ultraviolet Illumination 

We used a constant wavelength (λ = 255 nm), UVC light-emitting diode (LED, OP255-10P-

SM by Crystal IS). As Figure 6.1 shows, the UVC source was shielded to ensure that the 

surface was only back illuminated via the cavity underneath the sample. The power density of 

the transmitted light was measured with a power meter (Slim Photodiode Power Sensor, 

S130VC by Thorlabs). The measurement setup was optically isolated to ensure no external 

light affected the measurement. We tuned the power of the UVC source to understand the effect 

of illumination density.  The distance between the power meter and the sample was kept 

constant for each measurement. The back illumination of the sample is uniform and covers the 

entire back side of the sample, as the illumination angle of the UVC diode is 120°, and the 

optical cavity is ~1 cm away and right above the UVC diode. 
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We positioned the UVC diode on a large stainless steel heatsink with an embedded 

thermocouple (PT-1000 with a temperature resolution of 0.01 °C) right under. The maximum 

power dissipation of the diode is 0.8 Watts, and we did not observe any meaningful temperature 

variation due to the operation of the LED. Moreover, the temperature in the laboratory was 

19.6 ± 0.4 °C, while the corresponding relative humidity level was 38 ± 3% with active 

temperature and humidity controls to avoid confounding contributions on samples and 

measured quantities. Finally, as the concentration of PI-SOVs stabilizes within ~90 minutes, 

we waited for the stabilization of the formation and recovery of PI-SOVs for our 

measurements. [35, 44] 

 

 
 

Figure 6.1 Schematic explanation of high-energy ultraviolet (UVC) transmission 
measurements  

 

Figure 6.1 caption continued: A UVC diode (λ = 255 nm) was employed to back illuminate 

samples, as a function of metal oxide (MO) thickness and illumination density. The UVC 

transmission was measured with a power meter. The UVC diode was shielded within a metal 

box with an optical cavity under the sample, eliminating any UVC leak to the optical power 

meter. Additionally, the entire measurement setup was optically isolated to prevent any 

external influence on measurements.  
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6.3.4 Time-Resolved Atomic Force Microscopy Measurements 

Integrated with new hardware and software, we employed a customized VEECO EnviroScope 

system for our TR-AFM measurements. Details of microscope customization and principles of 

TR-AFM measurements can be found elsewhere. [61] Briefly, as summarized in Figure 6.2, a 

voltage pulse, Vbias, was applied between the sample and the oscillating cantilever probe after 

the tip was retracted away (e.g., 15 nm) from the surface. The applied Vbias results in a time-

dependent Coulombic interaction, which causes the migration of charge carriers. The migration 

of charge carriers leads to a time-dependent tip-sample interaction force, which induces the 

time-dependent resonance frequency shift of the cantilever probe, f. For conventional TR-

AFM measurements, the f is demodulated with a phase-locked loop and the stretched 

exponential function is fitted to the time, t, versus f data. [57, 262-264] The time constant 

associated with the f decay, *, corresponds to the charge carrier dynamics of ions, holes, or 

vacancies depending on the sample system.Schirmeisen, 2004 #220} [77-79, 262-264] This 

measurement principle was formerly employed for Li+ transport in LiAlSiO4, K+ transport in 

K2O.2CaO.4SiO2 glass, and Na+ transport in Na2O.GeO2 glass, hole migration in TiO2, and 

oxygen vacancy migration in SrTiO3. [35, 38, 40, 41, 43, 57, 262-264] The stretched 

exponential term, , can have a value between zero and one while representing the collective 

motion of charge carriers. [77-79] Specifically, decreasing  values imply enhanced collective 

motion, i.e., stronger particle-to-particle interaction.  

 

We repeated measurements at least 25 different sample locations and at each position 40 times 

to ensure that the back illumination of the surface covers the entire sample and to enhance the 

signal-to-noise ratio. [41, 43] For all of our measurements, we implemented a gold-coated, 

conductive microcantilever (OPUSTIPS, 4XC-GG, tip radius < 30 nm, stiffness ∼9.0 N/m, 

and resonance frequency ∼150 kHz). To secure the back illumination, the sample was attached 

to a shielding box with an opening underneath and positioned directly on the UVC source (vide 

supra). The microscope chamber was also isolated optically. Finally, it was previously shown 
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that the UVC illumination does not change the sensitivity or the temperature of the oscillating 

cantilever. [38]  

 

 
 

Figure 6.2 Schematic explanation of the time-resolved atomic force microscopy setup and the 
local measurement of charge carrier dynamics as a function of high-energy ultraviolet (UVC) 

illumination and metal oxide sample thickness  

 

Figure 6.2 caption continued: A voltage pulse, Vbias (e.g., a voltage step with an amplitude of 

5 V), was applied between the tip and the sample, which results in a time-dependent Coulombic 

interaction. The variation in the induced electric field introduces a time-dependent tip-sample 

interaction force, which leads to the resonance frequency shift of the oscillating cantilever 

probe, Δf (demodulated with a phase-locked loop). The experiment was repeated on the same 

lateral position to enhance the signal-to-noise ratio. A stretched exponential fit was applied to 

the Δf as a function of time, t, as presented with a dashed line. The decay of the stretched 

exponential fit, *, is related to the migration dynamics of charge carriers. The stretching factor, 

, is associated with the collective motion of charge carriers. A UVC source (λ = 255 nm) was 

employed to back illuminate samples with different illumination densities to explore the effect 

of back illumination on charge carrier dynamics. The microscope chamber was optically 
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isolated from the outside to eliminate any external UVC contributions. The UVC source was 

also isolated in a metal box to ensure the back illumination of samples via an optical cavity 

that was at least 50% smaller than the sample area. The data presented in this figure were 

recorded at room temperature on a TiO2 (100) single crystal with a back illumination density 

of 0.47 mW/cm2. 

 

6.4 Results and Discussion 

We performed measurements to reveal the penetration depth of UVC irradiation and its effect 

on charge carrier dynamics. First, we performed optical transmission measurements via back 

illumination (vide supra) on a fused silica glass substrate, polycrystalline TiO2 film, and 500 

μm-thick, undoped TiO2 (100) single crystal. The optical transmission measurements of fused 

silica reveal ~90% of UVC transmission, as classified by the manufacturer. Figure 6.3 

summarizes that the optical transmission is inversely proportional to the luminance of the UVC 

source, i.e., with increasing illuminance, the UVC transmission of both polycrystalline TiO2 

film, and 500 μm-thick, undoped TiO2 (100) single crystal decreases asymptotically. We 

believe that this inverse relation with illuminance is associated with the PI-SOV density. It is 

well-known that UVC irradiation results in oxygen vacancies on the surface (vide supra). [14, 

35, 44, 253] With increasing PI-SOV and electron/hole concentration, mid-gap states are 

introduced, and as our experiments show, the absorption of UVC irradiation increases. [97, 

332, 333] Normally, defect engineering is performed in TiO2 to enhance the optical absorption 

in the visible spectrum for enhanced photocatalytic performance. [265, 334-337] However, our 

measurements demonstrate that the optical absorption of TiO2 increases (i.e., optical 

transmission decreases) even for UVC irradiation. We also experimentally measured the 

relation between film thickness and optical transmission. Although the 46 nm-thick TiO2 film 

absorbs almost 99% of UVC irradiation, the 500 μm-thick TiO2 (100) single crystal has a 

measurable UVC transmission across the sample (0.6 – 1 % depending on the illuminance). 

For this reason, our optical transmission measurements show that even though a major part of 

UVC irradiation (~99%) is absorbed within the first tens of nanometers, the rest can penetrate 

through the entire crystal for hundreds of micrometers. Even though the optical transmission 
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decreases with increasing illumination density monotonically, at very low illumination density 

levels, i.e., closer to zero, the error propagation is dominated by the operation principle of the 

UVC diode, as the power consumption, so the illumination of the diode oscillates for voltages 

closer to the threshold voltage of the diode. 

 

 
 

Figure 6.3 High-energy ultraviolet (a.k.a., UVC) irradiation (λ = 255 nm) transmission 
measurements on a 46 nm-thick polycrystalline TiO2 film and a 500 μm-thick TiO2 (100) 

single crystal as a function of UVC illumination density  

 

Figure 6.3 caption continued: Our measurements on 46-nm thick TiO2 polycrystalline film 

show that ~99% of UVC irradiation was absorbed within the first tens of nanometers. However, 

the optical transmission measurements of the 500 μm-thick TiO2 (100) single crystal show that 

the rest of the UVC (~1%) can penetrate through the entire crystal for hundreds of micrometers. 

Our measurements for both 46-nm thick and 500 μm-thick samples display that with increasing 

UVC illumination power density, the optical transmission decreases, i.e., absorption increases. 

We believe that the enhanced absorption is associated with mid-gap states introduced by the 

photoinduced oxygen vacancies generated by UVC irradiation. 

 

We also performed TR-AFM measurements on a TiO2 single crystal and a 46 nm-thick 

polycrystalline film as a function of the back illumination density of UVC irradiation, as shown 

in Figure 6.4. Surface oxygen vacancies in TiO2 (Vo) can have multiple different charge states, 
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where they can be neutral (i.e., Vo0) or charged (e.g., Vo1+ and Vo2+). [255, 256] Former 

theoretical work showed that the Vo+ state is the thermodynamically most favourable state and 

has the greatest influence on the TiO2 sample conductivity. [35, 41, 255] Thus, we are 

expecting to mainly induce the Vo+ vacancies and measure their effect on the charge carrier 

migration dynamics. [273] 

 

 
 

Figure 6.4 Measurement of charge carrier dynamics on a 500 μm-thick, undoped TiO2 (100) 
single crystal, which was back illuminated using a high-energy ultraviolet (UVC, λ = 255 

nm) source with different irradiation levels  

 

Figure 6.4 caption continued: Charge carrier dynamics were accessed by fitting a stretched 

exponential function to the resonance frequency shift, Δf, as a function of time, t, Δf(t)=Δf  ×  expି(௧ த∗⁄ )ಊ . The time constant, τ*, is associated with the decay of the electrostatic 

interaction within the probing volume and is linked to the charge carrier migration. The 

stretching factor of the exponential fit, , is related to the collective motion of charge carriers. 

We normalized the resonance frequency shifts to enable the comparison of decays for different 

back illumination levels. Data shows that with increasing back illumination irradiation density, 

measured τ* values decrease monotonically. The decrease of τ* implies a decrease in charge 

carrier migration velocity and mobility, which can be associated with enhanced vacancy 

concentration. The variation of  implies that charge carriers interact more collectively at high 
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irradiation levels. Data presented in this figure was recorded on the same sample region, i.e., 

the only change between different data points is the UVC illumination densities. 

 

Our TR-AFM measurements on TiO2 single crystal show that the time constant associated with 

charge carrier migration, τ*, decreases with the existence of UVC illumination. The charge 

transfer of MOs is mainly governed by holes, electrons, and ions. [87, 105, 261, 273] For TiO2 

samples, in addition to a supplemental ion influence, mainly, electrons and holes govern the 

sample conductivity. [87, 114, 115, 251, 273, 338] Based on the timescale of the measurement 

(from hundreds of milliseconds to a few seconds), it is expected that we are measuring the 

migration of slow charge carriers in the sample, i.e., holes as part of small polarons. [38, 95, 

224, 250, 273] More specifically, for a single point measurement, τ* values decrease from 3.31 

± 0.87 seconds to 2.05 ± 0.19 seconds even for the lowest illuminance density of 0.03 mW/cm2. 

In addition, with increasing UVC illuminance, however, τ* decreases almost an order of 

magnitude compared to UVC off case, i.e., decreases to 0.36 ± 0.08 seconds from 3.31 ± 0.87 

seconds for UVC illumination density of 0.47 mW/cm2. It is known that the mobility and 

velocity of charge carriers are linearly correlated to the measured time constant. [38] For this 

reason, the decrease in the τ* implies a decrease in the mobility of charge carriers. Moreover, 

we observed a prominent decrease in  values with increasing UVC illuminance, i.e.,  

decrease from 0.66 ± 0.05 (no UVC illumination) to 0.31 ± 0.06 (UVC illumination density of 

0.47 mW/cm2). The decrease in  values implies that the charge carriers move more 

collectively with increasing PI-SOV density. Hence, we believe that the enhanced collective 

motion can be explained by the increased density of charge traps formed by PI-SOVs. [98, 

339-341] Nevertheless, as Figure 6.3 shows, ~99% of incident UVC were observed within the 

first few tens of nanometers, i.e., only ~0.6% of the incident UVC reaches the front side of the 

500 μm-thick sample. For this reason, it may be claimed that the transmitted UVC may be 

responsible for the observed variation of τ* and  by introducing PI-SOVs on the front side. 

Even though the transmitted UVC, i.e., ~0.6% of the back illumination density (~2.4 μW/cm2) 

may be capable of promoting PI-SOVs on the front side of the sample, the former study has 

shown that the variation of τ* is linearly correlated with the illumination density and even for 

significantly higher front illumination densities, the variation of τ* was significantly lower. 
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[40]  For this reason, in this study, the strong variation of τ* (i.e., 10-fold variation) implies 

that the remaining UVC density is, potentially, not responsible for the observed change. Also, 

for the back-illuminated sample, the value of , a parameter for collective motion, decreases 

by 50%. However, for front-illuminated samples, the variation of  is inert to UVC irradiation. 

Hence, driven by the concentration variations, we propose that PI-SOVs at the back side of the 

sample may migrate across the bulk. Nevertheless, back-surface-illuminated X-ray 

photoelectron spectroscopy measurements or atomic resolution scanning probe microscopy 

measurements under ambient conditions are required to directly quantify the diffusion of PI-

SOVs. However, such measurements are beyond the scope of this work. To distinguish the 

contribution of PI-SOVs and holes as part of small polarons, we performed complementary 

back illumination measurements with a low-energy UV (UVA) irradiation (λ = 375 nm), which 

only introduces electrons and holes but not PI-SOVs. [14, 35, 44, 253] Our optical transmission 

measurements for UVA show that, similar to the UVC case, UVA transmission decreases with 

increasing illumination density asymptotically. However, UVA measurements revealed that 

the τ*  decreases only 50% upon back illumination of the single crystal TiO2 sample, and the 

corresponding  change is only 10%. To this end, the comparison of UVA and UVC 

measurements also implies that PI-SOVs dominate the dynamic properties of holes as part of 

small polarons. 

 

We challenged the reproducibility of our TR-AFM results on a single-crystal TiO2 sample by 

performing measurements over a span of two weeks under different UVC illumination levels, 

as Table 6.1 summarizes. To this end, we conducted successive measurements on ten different 

sample regions. We performed measurements at a minimum of 25 different points at each 

region and repeated measurements 40 times at each point, i.e., a total of a thousand 

measurements for each region. Our repetitive experiments on different sample regions and/or 

under different illumination levels undoubtedly showed that the observed variation originates 

from high-energy UVC irradiation. 
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Table 6.1 Time-resolved atomic force microscopy measurements on a 500 μm-thick, 
undoped TiO2 (100) single crystal at different ultraviolet (UVC) back illumination levels 

  
High-energy Ultraviolet (UVC) Irradiation of 

Single Crystal TiO2 (100) Sample 

Time Constant, ࣎∗, (ms) 

Stretching 

factor, ઺ 

UVC OFF 3077.8 ±  751.4 0.68 ± 0.05 

UVC ON – 0.03 mW/cm2 2053.3 ± 193.7 0.81 ± 0.04 

UVC ON – 0.17 mW/cm2 626.6 ± 71.0 0.65 ± 0.06 

UVC ON – 0.47 mW/cm2 301.4  ± 81.9 0.35 ± 0.07 

 

Table 6.1 caption continued: The data presented in this table were recorded at different regions 

across the sample in a mixed order on different days. We performed 25 different point 

measurements with 40 repetitions for each experimental set. Our measurements show that the 

effect of back illumination of UVC is reproducible across the sample. 

 

Our measurements on 46 nm-thick polycrystalline film show that the * values are significantly 

smaller compared to the single crystal sample regardless of the UVC irradiation, as shown in 

Figure 6.5. Former TR-AFM measurements on similar TiO2 films also disclosed smaller time 

constants compared to single crystals. [35] We measured the average grain size of our 

polycrystalline film as 8.7 ± 4.0 nm. The significantly smaller time constants may be associated 

with the grain size, orientation, and the (degree of) polycrystallinity of the films. [342-348] 

The grain size and orientation may affect the formation of PI-SOVs and electron/hole pairs, 

altering the charge carrier migration dynamics. [344, 345, 348] However, the identification of 

the intrinsic contribution of such effects is beyond the scope of this work. 
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Figure 6.5 Measurement of charge carrier dynamics on a 46-nm thick polycrystalline TiO2 
film grown on a fused silica glass substrate, which was back illuminated with a high-energy 

ultraviolet (UVC, λ = 255 nm) source  

 

Figure 6.5 caption continued: The data presented in this table were recorded at different regions 

across the sample in a mixed order on different days. We performed 25 different point 

measurements with 40 repetitions for each experimental set. Our measurements show that the 

effect of back illumination of UVC is reproducible across the sample. Our measurements show 

that the time constant associated with the charge carrier migration is significantly smaller than 

the single crystal TiO2, regardless of the existence of UVC irradiation. As the measured time 

constant is very close to the detection limit, we do not deliver a numerical value. As shown in 

the inset, we performed scanning electron microscopy measurements, which revealed that the 

average grain size has an equivalent circular diameter of 8.7 ± 4.0 nm. We believe that the 

smaller time constant is related to the grain size, orientation, and degree of polycrystallinity of 

the film. 

 

Even though oxygen vacancy formation due to UVC irradiation is expected to be a surface 

phenomenon, as ~99% of incident UVC is absorbed within the first tens of nanometers, our 

TR-AFM measurements show that the effect of UVC irradiation can penetrate deep into the 

bulk and can alter electronic properties for hundreds of micrometers across the sample. This 

result is important not only for the basic understanding of the variation of charge carrier 
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dynamics due to PI-SOVs in MOs but also for sample systems that employ MOs as a charge 

transfer layer or protecting layer for underlying photocatalytic activities. 

 

6.5 Summary and Conclusions 

We performed optical transmission and time-resolved atomic force microscopy (TR-AFM) 

measurements on back-illuminated (with high-energy ultraviolet (UVC) irradiation, λ = 255 

nm) metal oxide (MO) samples, i.e., a 500 μm-thick, undoped TiO2 (100) single crystal and a 

46 nm-thick polycrystalline TiO2 film grown on fused silica glass. Our optical transmission 

measurements show that even though ~99% incident UVC was absorbed within the first tens 

of nanometers, the residual illuminance (i.e., ~1%) can penetrate through the bulk for hundreds 

of micrometers. Moreover, we revealed that the optical transmission is inversely correlated 

with the illumination density. We think that this inverse relation between the optical 

transmission and the illumination density arises from the enhanced concentration of mid-band 

gap states prompted by photoinduced surface oxygen vacancies. Our TR-AFM measurements 

show that the time constant associated with the charge carrier migration is strongly affected by 

the back illumination density and can decrease almost by an order of magnitude with increasing 

UVC irradiation density. Moreover, the collective nature of charge carrier migration is more 

pronounced with increasing irradiation density. Also, the charge carrier migration dynamics 

and its control are important for other oxides such as SrTiO3 and KTaO3. [349-351] It is 

important to note that atomic scale identification of oxide-based devices and correlating the 

measured dynamic characteristics at the interface of different material systems as a function of 

their intrinsic properties (e.g., bandgap, intrinsic and extrinsic doping, roughness), external 

stimulation (e.g., temperature variation, chemicals), and transient formation/recovery of PI-

SOVs remain to be explored. For this reason, we believe our results will lay the foundation for 

a more fundamental understanding of UVC penetration and MO-based sample systems. 

 





 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

Multidimensional (i.e., location, history, temperature, etc.) measurement and characterization 

of charge carrier dynamics for renewable energy materials, i.e., metal oxides (MO), e.g., TiO2, 

with advanced spectroscopy applications, is a significant attempt to revolutionize renewable 

energy (e.g., batteries, solar cells, etc.), sensing, and biological applications. In this thesis, 

complex and dynamic migration features and patterns of MO sample systems have been 

thoroughly investigated with advanced scanning probe microscopy (SPM) methods. 

Addressing shortcomings of traditional macroscopically averaged, spatially and/or temporally 

insufficient methods, this work laid a profound foundation for accurate and extensive charge 

carrier investigations. 

 

The work in this thesis introduced a step-by-step guideline for upgrading available archaic 

atomic force microscopy (AFM) setups to level up their capacities and convert them into high-

end spectroscopic tools. Frequency modulation AFM (FM-AFM) is the basis of most time-

resolved measurement methods in SPM field. For any method application and/or upgrade, base 

system should include a solid in situ measurement capacity for customized and automized 

measurements. Our work, as detailed in Chapter 2 (vide supra), built the system foundation 

and demonstrated site testing with common AFM methods like cantilever characterization with 

thermal spectra, basic topography measurements, force spectroscopies, contact potential 

difference (CPD) measurements, traditional time-resolved AFM (tr-AFM) measurements, and 

3D-AFM measurements. 

 

The thermodynamically driven intrinsic properties of sample systems are influential material 

properties for characterizing dynamic tendencies. Their variations across different length 

scales and temperature levels lay an interesting foundation for building temperature-dependent 

characterization for charge carrier investigations. Our work, as detailed in Chapter 3 (vide 

supra), demonstrated the capabilities of custom AFM systems and measurement techniques 

for multidimensional electronic property characterizations of inorganic oxide-based sample 
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systems by revealing an inverse relation of CPDs with increasing temperature levels and Fermi 

level changes, all with respect to the sample locality.  

 

High-quality time and distance resolution directly determines which properties can be revealed 

and which ones are going to be kept buried within the measurements. With advanced hardware 

and software, applying traditional and fast-scale submicrosecond tr-AFM techniques to 

investigate charge carrier migration parameters, mobilities, and transport/storage 

characterizations introduces a new point of view to the existing literature and methods. Defect 

engineering these properties against reactive surface defects such as photoinduced surface 

oxygen vacancies (PI-SOVs) and capturing external effects induced by high energy ultraviolet 

(UVC) irradiations, temperature variations and surface agents are all possible with the correct 

instrumentation and application of these methods in correct governing physical scales and 

dimensions. Our work, as detailed in Chapter 4 (vide supra), reveals the influences of 

methanol, as a highly utilized surface agent in photocatalytic activities, and UV irradiation 

over charge migrations, mobility and activation barriers. Methanol’s role in hole mobility as a 

function of surface irradiation was revealed. Work in Chapter 5 (vide supra) discussed the fast 

time scale (e.g., electrons) and slow time scale charge carriers (e.g., holes) with specialized 

methods to investigate influences of MO-metal interfaces, UV irradiation and their possible 

combinations at different time resolutions. This way, stabilization and optimization of surface 

defects (e.g., PI-SOVs) against charge carrier mobilities, migration barriers, and trapping 

mechanisms are revealed. Finally, work in Chapter 6 (vide supra) discussed how these 

involved measurement methods can be utilized to characterize the external effects such as UV 

irradiation and disclosing its respective penetration depth through introducing PI-SOVs to 

sample systems and reverse characterizing charge carrier dynamics based on the influences of 

the defect density changes under UV.  

 

Future works to implement, mainly the tr-AFM-based works in Chapters 4-6 can be extended 

into deeper investigations and various other points. As much as other photocatalytic surface 

agents like formic acid and glycerol can be investigated with the same principle in Chapter 4, 

methanol in its reduced state (i.e., methoxy), oxidized state (i.e., formaldehyde), or chemically 
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adsorbed state as a molecule can be explored for their individual and isolated intrinsic 

contributions as photocatalytic products through the investigation of temperature-dependent 

photochemical reactions. For Chapters 5 and 6, extending the tr-AFM measurements to other 

MO-metal interfaces in addition to the MO-AuNP and focusing on revealing the fast and slow 

scale dynamics as functions of intrinsic properties (e.g., bandgap, intrinsic and extrinsic 

doping, roughness) and defect diffusions rates/ratios are high-impact future work options. 

Combining the tr-AFM techniques with X-ray photoelectron spectroscopy measurements or 

atomic resolution scanning probe microscopy measurements could procure interesting results 

from that retrospect. UVA variations and UVA-UVC comparisons are good candidate 

influences to be combined with MO-metal interface-based fast and slow-scale charge carrier 

recombination and trapping mechanism investigations. Our introduced and optimized 

measurement techniques and capabilities are very well within their abilities to follow up on 

these mentioned possible future works. The instrumental update discussed in Chapter 2 is 

almost applicable to all commercial AFM systems to gain necessary experimental abilities as 

long as the system has the option to access necessary signals. 

 

 





 

 

ANNEX I  
 

PSEUDO CODE FOR THERMAL SPECTRA MEASUREMENT ANALYSIS 

<%How to use this code: Change the name of the file accordingly. Also, 
%depending on the change in the cantilever, cantilever dimensions like 
%length and width should be corrected. Additionally, the resonance 
%frequency range should be adjusted for the expected value from the used 
%cantilever 
 
clc 
clear all 
close all 
addpath('...') 
 
%We need a data file to insert below so that the filename is going to 
%contain the file info and it can be opened in the other code script. 
file='trial.mat'; 
 
[filepath,name,ext] = fileparts(file); 
filename=name; 
%constants 
um=10^(-6); 
kb = 1.3806488*(10^(-23)); %Boltzmann constant (m^2kgs^-2 K-1)  
 
%Cantilever Dimensions 
L=175*um;%cantilever length in meters 
b=40*um;%cantilever width in meters 
T=299;%ambient temp in Kelvin 
 
%range of fit 
fbegin=141000;%in Hz 
fend=144500;%in Hz 
init_hwhm=250;% f0/(2Q) 
 
% # Cantilever parameter spring constant obtained in air 
 
file_pll_psd=load (file); 
data_input=file_pll_psd.dev5408.scopes.wave{1, 1}.wave; 
%data=data_input.^(2); 
Sampling_Rate=file_pll_psd.dev5408.scopes.wave{1, 1}.dt^(-1); 
Max_freq=Sampling_Rate/2; 
Array_size=size(data_input); 
Total_PSD_Sample_measurements=Array_size(1); 
Freq_increment=Max_freq/Total_PSD_Sample_measurements;%The resolution can be 
checked from the 'Advanced tab of Zurich PLL scope as well. 
 
% #inital guess 
init_amp=5*mean(data_input); 
init_base=mean(data_input); 
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fcenter=(fbegin+fend)/2; %in Hz 
 
 
for z=1:Total_PSD_Sample_measurements 
    freq(z,:)=Freq_increment*z; 
end 
 
 
% wide range spectrum 
subplot(2,1,1);%211 is equivalent to nrows=2, ncols=1, plot_number=1 for the plot 
loglog(freq, data_input);%defines both log scales for freq and data 
xlabel('Frequency (Hz)'); 
ylabel("PSD (V/(sqrt(Hz))"); 
 
 
% For Lorentzian Curve fitting 
initial_guess=[init_base,fcenter,init_amp,init_hwhm]; 
 
% Removing unused freq range data for fitting 
t=1; 
for i=1:length(freq) 
if freq(i) > fbegin && freq(i) < fend 
    freq_fit(t)=freq(i); 
    data_input_fit(t)=data_input(i)*(10^(9)); 
    t=t+1; 
end 
end 
 
% zoomed spectrum 
subplot(2,1,2); 
semilogy(freq_fit,data_input_fit*10^(-9)); 
xlabel('Frequency (Hz)'); 
ylabel("PSD (V/(sqrt(Hz))"); 
figure1=sprintf('%s.fig',filename); 
savefig(figure1); 
 
data_fit2=log10(data_input_fit); 
 
% Fit: 'lorentz_curve'. 
[xData, yData] = prepareCurveData( freq_fit, data_fit2 ); 
 
% Set up fittype and options. 
ft = fittype( 'log10(height/(1+((x-center)/hwhm)^2)+base)', 'independent', 'x', 
'dependent', 'y' ); 
opts = fitoptions( 'Method', 'NonlinearLeastSquares' ); 
opts.Display = 'Off'; 
opts.Lower = [0 0 0 0]; 
opts.StartPoint = initial_guess; 
 
% Fit model to data. 
[fitresult, gof] = fit( xData, yData, ft, opts ); 
 
% Plot fit with data. 
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figure( 'Name', 'lorentz_curve' ); 
h = plot( fitresult, xData, yData ); 
legend( h, 'data_fit2 vs. freq_fit', 'lorentz_curve', 'Location', 'NorthEast', 
'Interpreter', 'none' ); 
% Label axes 
xlabel( 'freq_fit', 'Interpreter', 'none' ); 
ylabel( 'data_fit2', 'Interpreter', 'none' ); 
grid on 
 
a=coeffvalues(fitresult); 
Amplitude=a(3); 
f0=a(2); 
hwhm=a(4); 
base=a(1); 
 
semilogy(freq_fit,data_input_fit*10^(-9)); 
xlabel('Frequency (Hz)'); 
ylabel("PSD (V/(sqrt(Hz))"); 
hold on 
fitted_data = Lorentz(freq_fit,Amplitude,f0,hwhm,base); 
semilogy(freq_fit,fitted_data*10^(-9)); 
figure2=sprintf('%s_2.fig',filename); 
savefig(figure2); 
 
 
Amplitude=Amplitude*(10^(-9)); 
fwhm=2*hwhm; 
Q=f0/fwhm; 
base=base*(10^(-9)); 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Determining spring constant with Sader's method 
rho=1.18;%in kg/m3 for air density (sea level-15°C) 
eta=1.868*(10^(-5)); %# viscosiy of air kg/(mxs)=Pa.s 
w0=2*pi*f0;%Radial Resonant Freq. 
%Reynold's number 
Ren=rho*w0*b^2 /(4*eta); 
j^2==-1; 
Gamma=omega(Ren)*(1+4*1j*besselk(1,-1j*sqrt(1j*Ren))/(sqrt(1j*Ren)*besselk(0,-
1j*sqrt(1j*Ren)))); 
    
kc=0.1906*rho*b*b*L*Q*imag(Gamma)*(w0)^2; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%% 
 
% # peak thermal noise amplitude 
Nth_peak=sqrt(2*kb*T*Q/(kc*pi*f0));   %# thermal noise at peak [m/sqrtHz] 
 
Sens=1/((Amplitude)/Nth_peak);  %# sensitivity [m/V] 
 
basenoise=(base)*Sens;      %# baseline noise [fm/sqrtHz] 
 
fprintf('fitting results\n') 
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fprintf('Amplitude =%d' ,Amplitude) 
fprintf('(V(rms)/(sqrt(Hz))\n') 
fprintf('Resonance frequency = %d' ,f0) 
fprintf('(Hz)\n') 
fprintf('FWHM =%d ' ,fwhm) 
fprintf('(Hz)\n') 
fprintf('Q factor = %d\n' ,Q) 
fprintf('Baseline noise = %d' ,base) 
fprintf('(V(rms)/(sqrt(Hz))\n') 
fprintf('kc= %d' ,kc) 
fprintf('[N/m]\n') 
fprintf('Nth= %d',Nth_peak*1e15) 
fprintf(' [fm/sqrtHz]\n') 
fprintf('Sensitivity_p2p= %d' ,Sens*1e9*sqrt(2)) 
fprintf(' [nm/V]\n' ) 
fprintf('Noise = %d' ,basenoise*1e15) 
fprintf(' [fm/sqrtHz]\n') 
 
% #saving the fitting results 
filename2=sprintf('%s_fitting_result.txt',filename); 
fid=fopen(filename2, 'w'); 
 
fprintf(fid,'Fitting Results\n'); 
fprintf(fid,'Amplitude =%d' ,Amplitude); 
fprintf(fid,'(V(rms)/(sqrt(Hz))\n'); 
fprintf(fid,'Resonance frequency = %d' ,f0); 
fprintf(fid,'(Hz)\n'); 
fprintf(fid,'FWHM =%d ' ,fwhm); 
fprintf(fid,'(Hz)\n'); 
fprintf(fid,'Q factor = %d/n' ,Q); 
fprintf(fid,'Baseline noise = %d' ,base); 
fprintf(fid,'(V(rms)/(sqrt(Hz))\n'); 
fprintf(fid,'kc= %d' ,kc); 
fprintf(fid,'[N/m]\n'); 
fprintf(fid,'Nth= %d',Nth_peak*1e15); 
fprintf(fid,' [fm/sqrtHz]\n'); 
fprintf(fid,'Sensitivity_p2p = %d' ,Sens*1e9*sqrt(2)); 
fprintf(fid,' [nm/V]\n' ); 
fprintf(fid,'Noise = %d' ,basenoise*1e15); 
fprintf(fid,' [fm/sqrtHz]\n'); 
 
fclose(fid); 
 
% #saving data with text format 
freq_data = cat(2,freq,data_input); 
filename3=sprintf('%s_values.txt',filename); 
fid2=fopen(filename3, 'w'); 
fprintf(fid2,'Freq.Values ||| PSD Values\n'); 
fprintf(fid2,'%i\t%i\n',freq_data); 
fclose(fid2); 
 
%Reynold's number Functions 
function omre=omre(x) 
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omre=(0.91324-0.48274*x+0.46842*x^2-0.12886*x^3+0.044055*x^4-
0.0035117*x^5+0.00069085*x^6)/(1-0.56964*x+0.48690*x^2-0.13444*x^3+0.045155*x^4-
0.0035862*x^5+0.00069085*x^6); 
end 
function omimag=omimag(x) 
omimag=(-0.024134-0.029256*x+0.016294*x^2-0.00010961*x^3+0.000064577*x^4-
0.000044510*x^5)/(1-0.59702*x+0.55182*x^2-0.18357*x^3+0.079156*x^4-
0.014369*x^5+0.0028361*x^6); 
end 
function om=om(x) 
om=omre(x)+1j*omimag(x); 
end 
function omega=omega(x) 
omega=om(log10(x)); 
end 
 
%Lorentzian Fit Function 
function Lorentz= Lorentz(x,amplitude,center,hwhm,base) 
    Lorentz=(amplitude./(1+((x-center)./hwhm).^2)+base); 
end 
 





 

 

ANNEX II  
 

PSEUDO CODE FOR SINGLE PULSE TIME-RESOLVED MEASUREMENTS 
ANALYSIS 

clc 
clear all 
close all 
addpath('...') 
 
I_lower=1200; 
I_upper=2180; 
master_counter=1; 
data_directory=dir; 
num_of_size=size(data_directory); 
counter=1; 
voltage2hertz=100; 
 
a=1; 
for i= 1:+1:num_of_size(1) 
    if data_directory(i).bytes>400000    
     
    point = SPM.load(data_directory(i).name);%Specialized Data Loading for GXSM 
VP Data 
 
    X_coordinate(a)=point.PtLoc.XS+point.Offset.X0; 
    Y_coordinate(a)=point.PtLoc.YS+point.Offset.Y0; 
    if round(X_coordinate(a)/10)==0 && round(Y_coordinate(a)/10)==0 
        fprintf('Trial Data Ignored!') 
    else 
    X_coordinate_round(a)=round(X_coordinate(a)/10); 
    Y_coordinate_round(a)=round(Y_coordinate(a)/10); 
     
    time_all(:,a)=point.Channel(6).Data; 
    deltaf_all(:,a)=point.Channel(1).Data*voltage2hertz; 
 
    index=1; 
        for jj=I_lower:+1:I_upper 
            time(index,a)=time_all(jj,a); 
            deltaf(index,a)=deltaf_all(jj,a); 
            index=index+1; 
        end 
    end 
    a=a+1 
    end 
     
clear time_all deltaf_all 
    fclose('all') 
end 
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save fileloads2.mat 
 
[sortedX_coordinate_round, sortIndex] = sort(X_coordinate_round); 
sortedY_coordinate_round=Y_coordinate_round(sortIndex); 
sortedTime=time(:,sortIndex); 
sorteddeltaF=deltaf(:,sortIndex); 
sortedX_coordinate_round_pre=sortedX_coordinate_round(1); 
sortedY_coordinate_round_pre=sortedY_coordinate_round(1); 
 
counter=1; 
i=1; 
data_number=0; 
coordinate_points_pre=0; 
data_size=size(sortedX_coordinate_round); 
 
while data_number < data_size(2)-1 
 
    check_counter=1; 
 
    while sortedX_coordinate_round_pre==sortedX_coordinate_round(counter) && 
sortedY_coordinate_round_pre==sortedY_coordinate_round(counter) 
    time_temp=(sortedTime(:,counter)-sortedTime(1,counter)); 
    deltaf_temp=(sorteddeltaF(:,counter)-sorteddeltaF(1,counter)); 
    [fitresult, gof] = noise_ellimination(time_temp, deltaf_temp); 
    deltaf_temp_fit=fitresult(time_temp); 
 
    [fitPt_temp, gof] = SexpFit(time_temp, deltaf_temp) 
    check_fit=confint(fitPt_temp); 
    if fitPt_temp.T<1000 && fitPt_temp.T>10 &&  fitPt_temp.C<1.0 && 
fitPt_temp.C>0 
        time_avg(:,check_counter)=time_temp; 
        deltaf_avg(:,check_counter)=deltaf_temp; 
        deltaf_avg_fit(:,check_counter)=deltaf_temp_fit; 
        check_counter=check_counter+1; 
    end 
    sortedX_coordinate_round_pre=sortedX_coordinate_round(counter); 
    sortedY_coordinate_round_pre=sortedY_coordinate_round(counter); 
 
    end 
    x_positions(i)=sortedX_coordinate_round_pre; 
    y_positions(i)=sortedY_coordinate_round_pre; 
 
    sortedX_coordinate_round_pre=sortedX_coordinate_round(counter); 
    sortedY_coordinate_round_pre=sortedY_coordinate_round(counter); 
 
    data_number=counter-1; 
 
    coordinate_points(i)=counter-1-coordinate_points_pre; 
    coordinate_points_pre=coordinate_points(i); 
    i=i+1; 
 
    if check_counter~=1 
    if check_counter>2 
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    avg_time=mean(time_avg'); 
    avg_deltaf=mean(deltaf_avg'); 
    avg_deltaf_fit=mean(deltaf_avg_fit'); 
        end 
         
        if check_counter==2 
    avg_time=(time_avg'); 
    avg_deltaf=(deltaf_avg'); 
    avg_deltaf_fit=(deltaf_avg_fit'); 
        end 
    
 
    [fitresult, gof] = noise_ellimination(avg_time, avg_deltaf); 
    avg_deltaf_spline=fitresult(avg_time); 
 
    [fitresult_fit, gof] = noise_ellimination(avg_time, avg_deltaf_fit); 
    avg_deltaf_fit=fitresult_fit(avg_time); 
 
    [fitPt_avg, gof] = SexpFit(avg_time, avg_deltaf) 
    [fitPt_avg_spline, gof] = SexpFit(avg_time, avg_deltaf_spline) 
    [fitPt_avg_fit, gof] = SexpFit(avg_time, avg_deltaf_fit) 
    fitPt_avg_backup=fitPt_avg; 
    end 
    if check_counter==1 
        fitPt_avg=fitPt_avg_backup; 
    end 
    data_group=coordinate_points(end); 
   if  mod(master_counter,data_group)~=0 
    x=mod(master_counter,data_group); 
   end 
   if mod(master_counter,data_group)==0 
           x=coordinate_points(end); 
   end 
    
   y=floor((master_counter-1)/data_group)+1; 
    tao(x,y)=fitPt_avg.T 
    beta(x,y)=fitPt_avg.C 
     
    tao_spline(x,y)=fitPt_avg_spline.T 
    beta_spline(x,y)=fitPt_avg_spline.C 
 
    tao_fit(x,y)=fitPt_avg_fit.T 
    beta_fit(x,y)=fitPt_avg_fit.C 
 
   log_useful(x,y)=check_counter 
   close all 
    plot(avg_time,fitPt_avg(avg_time)) 
    hold on 
    plot(avg_time,fitPt_avg_spline(avg_time)) 
    plot(avg_time,fitPt_avg_fit(avg_time)) 
    plot(avg_time,avg_deltaf) 
 
    figname= strcat(num2str(x),'_',num2str(y),'.jpeg'); 
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    saveas(gcf,figname) 
    master_counter=master_counter+1; 
    close all 
    clear  time_all deltaf_all fitPt_avg deltaf_smooth time_avg deltaf_avg 
deltaf_avg_fit check_counter 
    clear point 
    fclose('all') 
    save Temp.mat 
    clear all 
    load Temp.mat 
end 
    
    save Result_grid5 
     
Codes for the functions within the main code 
 
function [fitresult, gof] = SexpFit(avg_time, avg_deltaf) 
%CREATEFIT(AVG_TIME,AVG_DELTAF) 
%  Create a fit. 
% 
%  Data for 'untitled fit 1' fit: 
%      X Input : avg_time 
%      Y Output: avg_deltaf 
%  Output: 
%      fitresult : a fit object representing the fit. 
%      gof : structure with goodness-of fit info. 
% 
%  See also FIT, CFIT, SFIT. 
 
 
%% Fit: 'untitled fit 1'. 
[xData, yData] = prepareCurveData( avg_time, avg_deltaf ); 
 
% Set up fittype and options. 
ft = fittype( 'A+B*exp(-((x/T)^C))', 'independent', 'x', 'dependent', 'y' ); 
opts = fitoptions( 'Method', 'NonlinearLeastSquares' ); 
opts.Display = 'Off'; 
opts.Lower = [-Inf -Inf 0 10]; 
opts.Upper = [Inf Inf 1 10000]; 
opts.Robust = 'Bisquare'; 
opts.StartPoint = [0.547215529963803 0.138624442828679 0.5 500]; 
 
% Fit model to data. 
[fitresult, gof] = fit( xData, yData, ft, opts ); 
 
% Plot fit with data. 
%figure( 'Name', 'untitled fit 1' ); 
h = plot( fitresult, xData, yData ); 
legend( h, 'avg_deltaf vs. avg_time', 'untitled fit 1', 'Location', 'NorthEast' 
); 
% Label axes 
xlabel ('time (ms)') 
ylabel ('deltaf (Hz)') 
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grid on 
 
 
function [fitresult, gof] = noise_ellimination(time_temp, deltaf_temp) 
%CREATEFIT(TIME_TEMP,DELTAF_TEMP) 
%  Create a fit. 
% 
%  Data for 'noise_ellimination' fit: 
%      X Input : time_temp 
%      Y Output: deltaf_temp 
%  Output: 
%      fitresult : a fit object representing the fit. 
%      gof : structure with goodness-of fit info. 
% 
%  See also FIT, CFIT, SFIT. 
 
 
%% Fit: 'noise_ellimination'. 
[xData, yData] = prepareCurveData( time_temp, deltaf_temp ); 
 
% Set up fittype and options. 
ft = fittype( 'smoothingspline' ); 
opts = fitoptions( 'Method', 'SmoothingSpline' ); 
opts.Normalize = 'on'; 
opts.SmoothingParam = 0.995; 
 
% Fit model to data. 
[fitresult, gof] = fit( xData, yData, ft, opts ); 
 
% % Plot fit with data. 
% figure( 'Name', 'noise_ellimination' ); 
% h = plot( fitresult, xData, yData ); 
% legend( h, 'deltaf_temp vs. time_temp', 'noise_ellimination', 'Location', 
'NorthEast', 'Interpreter', 'none' ); 
% % Label axes 
% xlabel( 'time_temp', 'Interpreter', 'none' ); 
% ylabel( 'deltaf_temp', 'Interpreter', 'none' ); 
% grid on 
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Appendix I.A - Wiring Diagram and Pin Locations 
 

 
 
Figure-A I.1 The wiring diagram for the customization of the atomic force microscopy system 

 
 
6 Bugrahan Guner (2023, p. 063704) 
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An external lock-in amplifier with phase-locked loop capacity (i.e., MFLI by Zurich 

Instruments), a controller (i.e., SoftdB controller with Gnome X Scanning Microscopy 

software), a high-voltage amplifier and a Signal Access ModuleTM (SAM) has been integrated 

to the system to enable customized and automated experiments (see Figure-A I.2 for details). 

Main hardware connections have been illustrated with A, B, C, and D junctions (used pins in 

SAM highlighted with red, see Figure-A I.3 for details). The legend, i.e., red squares, refers to 

the SAM pin positions. Pins are switched from the right (R) to the left (L) to make the transition 

for customized experiments. 

 

 
 

Figure-A I.2 Hardware/software integration and additional experimental capabilities 
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Figure-A I.3 Detailed pin connections of the hardware implementation for the operation of 
the microscope with the Nanoscope® IIIa Controller and SoftdB controller with Gnome X 

Scanning Microscopy (GXSM) software, where the Signal Access ModuleTM (SAM) pins are 
switched from the right (R) to the left (L) to enable the SoftdB controller 

 
Appendix I.B - Step-by-step procedure of the Sample Approach and Controller 
Transition 
 
As Figure-A I.4 shows, the initial approach to the sample is done by using Nanoscope® IIIa 

Controller. After engaging the sample, e.g., with amplitude-modulation atomic force 

microscopy, the scanner is retracted from the sample by using a large set point, e.g., 10 Volt 

for the amplitude of oscillation. As the scanner is fully retracted from the surface, the tip-

sample separation is a couple of micrometres. While the tip is retracted, the user will switch 

pins from right to left as detailed in Figure-A I.1 and Figure-A I.3. Once the pins are switched, 

the SoftdB controller with Gnome X Scanning Microscopy software is employed to control 

tip-sample separation and for customized experiments. 
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Figure-A I.4 Algorithm to approach the sample and conduct customized measurements with 
the updated control architecture 

 

Nanoscope® IIIa controller is employed to complete the rough and initial approach to the 

surface while Signal Access ModuleTM (SAM) pins are on the right side (see Figure-A I.3 for 

details). Upon approach to the surface, the user retracts with the scanner by applying a large 

set point, e.g., 10 Volts for the amplitude of oscillation and changing pin locations to the left 

to direct signals to the SoftdB controller and the lock-in amplifier (see Figure-A I.3 for details). 

The SoftdB controller with Gnome X Scanning Microscopy software and the lock-in amplifier 

with the phase locked-loop capability enables customized and automated experiments. 

 
Appendix I.C - Procedure of the Resonance Frequency Drift Corrections 
 
The resonance frequency of the cantilever may drift over time, particularly during experiments 

conducted at high temperatures. Figure-A I.5 illustrates the resonance frequency drift 
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correction for time-resolved measurements. Before applying the tip-sample pulse for time-

resolved measurements (at t = 0), the cantilever was retracted 20 nm from the engaged position. 

At this distance, the cantilever is expected to be at its free resonance frequency. Therefore, any 

non-zero frequency shift value is due to the resonance frequency drift, which is corrected with 

the MATLAB® integration of the lock-in amplifier with phase-locked loop capacity (i.e., 

MFLI by Zurich Instruments). For each measurement, we corrected the resonance frequency 

drift automatically. To this end, all measurements were completed for the same frequency shift 

setpoint, while the relative tip-sample distance was kept the same. 

 

 
 

Figure-A I.5 Resonance frequency drift correction analogy for frequency modulation atomic 
force microscopy-based time-resolved measurements 

  

The frequency shift correction is completed after the tip is retracted from the surface, e.g., 20 

nm. At large tip-sample separations, the resonance frequency shift, Δf0, is expected to be zero. 

For this reason, the resonance frequency drift can be measured and corrected by using a lock-

in amplifier with phase-locked loop capability. As discussed in the main text, the resonance 

frequency drift correction enhanced the stability of the time-resolved measurements, 

particularly at high temperatures 

 

. 
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Appendix I.D - Additional Two-Dimensional Force Spectroscopy Measurements Across 
Step-Edges of Highly Ordered Pyrolytic Graphite 

 

 
 

Figure-A I.6 Additional two-dimensional force spectroscopy measurements of highly ordered 
pyrolytic graphite under ambient conditions across a cluster of three unit-cell steps for 

forward (step-up) and backward (step-down) directions 
 

The tip experiences an attractive force upon approach to the step edge; however, upon further 

approach to the step edge, the tip experiences a repulsive force during step-up motion (see 

Figure-A I.6a and Figure-A I.6c). Figure-A I.6b and Figure-A I.6d show the corresponding 
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step-down motion. The tip has an assistive step-down motion upon approach to step edges. At 

the lower terrace, the tip is attracted by step edges. The vertical tip-sample interaction was in 

the attractive region for measurements presented in this figure. The drift along the z direction 

(1.2 Å/minute) has been measured during experiments and corrected in the post-processing. 

We used a constant oscillation amplitude of 10 nm peak-to-peak with a cantilever with a free 

resonance frequency, f0 = 130.231 kHz, spring constant, cz ≈ 7.8 N/m, and quality factor, Q ≈ 

281). 
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Appendix II.A - X-ray Diffraction Measurements 
 

 
 

Figure-A II.1 Temperature-dependent X-ray diffraction (XRD) measurements of a single-
crystal, undoped SrTiO3 (100) sample 

 

 
 
7 Bugrahan Guner (2022, p. 4085−4093) 



126 

XRD measurements for a SrTiO3 sample at 25 °C, 45 °C, and 85 °C are shown at the same 

spatial position. Peak locations are consistent with the literature (see Figure-A II.1a, Figure-A 

II.1b, and Figure-A II.1c). [214-219] To ease the comparison of structural peaks, we merged 

XRD results presented in Figure-A II.1d. Our experimental results clearly show that there is 

no structural change or phase transformation between 25 °C and 85 °C, which is consistent 

with the existing literature. [220, 221] 

 

To quantify our results, we calculated the full-width half maxima (FWHM) values for four 

major peaks presented in Figure-A II.1, i.e., Peak I ≈ 23°, Peak II ≈ 47°, Peak III ≈ 73°, Peak 

IV ≈ 105°. As Table-A II.1 clearly shows, there is no correlation between the temperature and 

the FWHM values. The nonexistence of such a correlation supports the absence of a phase or 

structural transformation of SrTiO3 for the temperature range in which we conducted our 

measurements.  

 

Table-A II.1 Full-width half maxima (FWHM) values of four major peaks of SrTiO3 
 

Temperature Peak I 
FWHM 

Peak II 
FWHM 

Peak III 
FWHM 

Peak IV 
FWHM 

25 °C 0.03° 0.06° 0.05° 0.08° 

45 °C 0.03° 0.07° 0.05° 0.08° 
85 °C 0.03° 0.06° 0.05° 0.07° 

 

Appendix II.B - Experimental Results of TiO2 and Template-stripped Gold 
 
Figure-A II.2 summarizes our temperature-dependent contact potential difference (CPD) 

measurements on a single-crystal, undoped TiO2 (100) and template-stripped gold sample by 

using the force-volume technique, as explained in detail in the main text. As Figure-A II.2a 

shows, the CPD value of TiO2 has a linear dependence on the temperature with a negative 

slope, i.e., CPD decreases with increasing temperature. The variation of the CPD of the TiO2 

originates from intrinsic doping of the sample, as explained in detail in the main text. The CPD 

of the template-stripped gold sample changes significantly less (-0.5 ± 0.1 mV/°C) compared 

to TiO2 (-3.8 ± 0.1 mV/°C) and SrTiO3 (-3.6 ± 0.1 mV/°C) samples. Although ideally, the CPD 

value of the template-stripped gold was supposed to be independent of the temperature of the 

sample due to the absence of intrinsic vacancies, the limited thickness of the gold coating 
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and/or the effect of the silicon cantilever and the sample substrate may contribute to the 

measured value. 

 

As Figure-A II.2 shows, at distances, d < 10 nm, the CPD has a rather chaotic trend compared 

to d > 10 nm. We believe that this variation originates due to the local tip and sample effects, 

as detailed in the main text. We calculated average values of maximum variation at d < 10 nm 

with respect to the mean value of the mean CPD value for d > 10 nm. The template-stripped 

gold sample has a smaller variation (~ 23 mV) compared to TiO2 (~ 36 mV) and SrTiO3 (~ 

178 mV) samples at d < 10 nm. This observation is consistent with the complex surface 

terminations of TiO2 and SrTiO3 compared to the template-stripped gold sample. [87, 102, 

206] 

 

 
 

Figure-A II.2 Measurements of the contact potential difference (CPD) for a single-crystal, 
undoped TiO2 (100) and template-stripped gold samples as a function of tip-sample distance, 

d, and temperature of the sample  
 

The measurements of CPD for TiO2 illustrate a decrease of 3.8 ± 0.1 mV/°C with increasing 

temperature at d > 10 nm. Additionally, the measurements of CPD for the template-stripped 

gold sample present a change of -0.5 ± 0.1 mV/°C. At d < 10 nm, shown with a dashed line, 

the variation of the CPD is rather chaotic due to local contributions, as explained in detail in 

the main text. 
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Appendix II.C - Temperature-Dependent Variation of Contact Potential Difference for 
SrTiO3, TiO2, and Template-stripped Gold  
 

 
 

Figure-A II.3 Variation of contact potential difference (CPD) for SrTiO3 (single-crystal, 
undoped, (100)), TiO2 (single-crystal, undoped, (100)), and template-stripped gold at tip-

sample separations larger than 10 nm 
 

 The slope of the first-order polynomial, presented with the dashed line, delivers the 

temperature-dependent variation of the CPD. The vertical error bar represents the standard 

variation of the CPD between tip-sample separations of 10 nm to 60 nm, while the horizontal 

error bar represents the confidence level of the temperature measurement. Please note that 

some error bars cannot be seen clearly due to their small size. 

 
Appendix II.D - Reproducibility of Contact Potential Difference Measurements 
 
As explained in the main text in detail, the contact potential difference (CPD) is the difference 

in work functions between the sample and the probe while they are in proximity. For this 

reason, a change in the work function of the probe is expected to affect the measurement of the 

CPD. To eliminate this confounding variable, we ensured to protect the tip by approaching 

samples while keeping the tip-sample interaction in the attractive regime, i.e., far from the 

surface. Towards this end, for SrTiO3 experiments (i.e., JSPM-5100 system), we utilized a very 

small and negative resonance frequency shift while setting the tip-sample bias voltage far from 

the expected range of the CPD value during the initial fine approach to the sample. Similarly, 

we protected the tip by applying a significantly different tip-sample bias voltage compared to 
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the expected range of CPD values for the fine initial approach to TiO2 and template-stripped 

gold (i.e., VeecoEnviroscope system).  

 

Figure-A II.4 illustrates the reproducibility of the CPD measurements. The orange curve 

illustrates the CPD measurement at 65 °C, the first experimental set of TiO2. After decreasing 

the temperature of the sample down to room temperature with steps of 10 °C and conducting 

multiple force-volume measurements at each temperature setpoint, we increased the 

temperature of the sample back to 65 °C and repeated the CPD measurement, the red curve in 

Figure-A II.4. As Figure-A II.4 clearly illustrates, the first and last CPD measurements at 65 

°C are in good agreement and both are significantly different compared to the CPD 

measurement of the TiO2 at 55 °C. This cross-validation demonstrates that the tip structure is 

well-protected during measurements. 

 

 
 

Figure-A II.4 Reproducibility of the contact potential difference measurements  
 

As explained (vide supra), we took necessary actions to protect the probe during the fine 

approach to the sample to eliminate the unintentional variation of the work function of the 

probe. The orange curve shows the CPD measurement of the TiO2 sample at 65 °C, 321 ± 1 

mV for d > 10 nm, presented with the dashed line. After completing the experimental set, i.e., 

decreasing the temperature of the sample down to room temperature with 10 °C decrements 

and conducting multiple force-volume measurements at each temperature, the temperature of 

the sample was set to 65 °C. We repeated the CPD measurement at 65 °C, i.e., the red curve, 
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311 ± 2 mV. As our experimental results clearly illustrate both measurements at 65°C are in 

good agreement for tip-sample distances larger than 10 nm, and considerably different 

compared to the CPD measurement at 55 °C, 355 ± 2 mV.  

 

We also verified the stability of the excitation signal, which is associated with the energy 

dissipation of the tip-sample interaction. [71, 72] It is well-known that the change of the 

excitation signal is an indication of a major location/ tip-sample interaction change. [71, 72] 

For example, a lateral change in the order of a few 10s of nms is expected to result in an 

interaction change between the probe and the sample. This change in the local interaction 

mechanism will eventually lead to a significant/apparent variation of the excitation signal. 

When our excitation signals were analyzed over the course of our experiments, any sudden or 

gradual change with time was not observed. More specifically, when Figure-A II.5 shows the 

example of the excitation and amplitude signals over two different experimental sets, which 

were conducted at different spatial positions across the surface. Each experimental set contains 

two hundred and ten force spectroscopy measurements, as explained in the main text. The 

excitation signal changes ~ 0.4% both for experiments 1 and 2, in order to keep the oscillation 

amplitude of the probe constant, 85.3 mV, i.e., ~ 10 nm (peak-to-peak). However, the 

excitation signal changes by ~ 2.0% between experiments 1 and 2, which were conducted at 

different spatial positions across the sample. The significantly larger difference in the 

excitation signal between two spatial positions across the surface, compared to the variation in 

experimental sets themselves, implies that the drift rate over the course of an experiment was 

minimized and we also avoided unrepresentative surface areas, areas with clusters of surface 

contaminants, or any sudden or major tip changes. 
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Figure-A II.5 The excitation and the oscillation amplitude signals of two different 
experimental sets were recorded at different spatial positions across the sample 

 

Each experimental set contains two hundred and ten different force spectroscopy 

measurements recorded at the same spatial position. The excitation signal changes statistically 

less during a complete experimental set (i.e., ~ 0.4%), compared to the difference of the 

excitation signal for two different spatial positions (i.e., ~ 2.0%). This implies that the clusters 

of surface contaminations and any sudden/major tip changes were avoided while successfully 

controlling the drift during our experiments.  

 
Appendix II.E - Analysis of the Tip-sample Capacitance as a Function of Temperature 
 
The analysis of the variation of the tip-sample capacitance, C, has revealed that the measured 

C does not have a monotonic temperature dependence. Towards this end, we present the C of 

the SrTiO3 sample at different tip-sample separations. As Figure-A II.6 illustrates, although 

the C decreases with increasing tip-sample separation, any temperature-dependent correlation 

could not be seen. Although C decreases with increasing tip-sample separation, i.e., from 10 

nm to 60 nm, as shown with different colors, the correlation of the temperature with C is absent.  
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Figure-A II.6 Variation of the tip-sample capacitance, C, for the SrTiO3 sample as a function 
of the sample temperature 
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Appendix III.A – Sample Preparation 
 
Appendix III.A.1 – Preparation of the Template-Stripped Gold  
 
We followed a well-established methodology to produce the template-stripped gold sample. 

[102, 103] A gold film with a thickness of ~100 nm was evaporated (by Thermionics Vacuum 

Products, model VE-90) with a rate of ~0.1 nm/s under vacuum conditions (i.e., 10-5 mbar) on 

a silicon wafer. The silicon substrates were cleaned by using acetone and isopropanol followed 

by an ultrasonic cleaning with ethanol and eventually dried by using nitrogen. Clean silicon 

pieces (5 mm x 10 mm) were glued on the evaporated gold with epoxy (EPO-TEK 377) and 

cured for one hour at 150 °C forming a silicon/gold/epoxy/silicon structure. The clean gold 

surface attached to small silicon pieces was scraped off from the silicon wafer before 

measurements. 

 
Appendix III.A.2 – Preparation of TiO2  
 
We employed a single crystal, undoped TiO2 (100) sample (by MSE Supplies LLC). We 

applied an established recipe, as explained elsewhere. [35] In summary, we annealed the 

sample at 1270K for 10 hours, in addition to the cooling down and heating periods, ~3 hours 

 
 
8 Bugrahan Guner (2024, p. 2292-2298) 
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each. This results in atomically flat terraces with no clusters of carbon contamination and leads 

to a rutile surface. [35] 

 

The anatase phase is more prone to adsorption of substances in air, particularly under 

irradiation. [212, 352] For this reason, unintentional radicals on the surface are expected to 

hamper the intrinsic sample properties by altering the extraction of surface oxygen vacancy 

effects over charge carrier dynamics. [35] As a result, we employed the rutile surface rather 

than anatase, as the rutile is more stable for all temperatures under ambient conditions. [208-

211] 

 

We performed our measurements on the (100) surface rather than the (110) surface. The (110) 

surface is a more stable configuration compared to the (100) surface. [329, 330] However, the 

coordination number of Ti atoms can be either five or six on the (110) surface, while Ti atoms 

on the (100) surface have only a coordination number of five. [331] We wanted to exclude 

different potential contributions of different Ti sites to the charge carrier dynamics. For this 

reason, we employed the (100) surface for our measurements. In passing, as an outlook, we 

want to note that performing similar experiments on the (110) surface with high spatial 

resolution, i.e., atomic resolution can be interesting to disclose the intrinsic contributions of 

five and six-coordinated Ti sites; however, this is beyond the scope of this work. 

 

Appendix III.A.3 – Preparation of Gold Nanoparticles-deposited TiO2  
 
We deposited gold nanoparticles (Au-NPs) on the TiO2 (100) surface by implementing a well-

established recipe, as detailed elsewhere. [14] Here, we summarize the procedure. Citrate-

capped Au-NPs (nominal diameter = 40 nm, produced by Sigma-Aldrich, PubChem substance 

number = 329765547) were functionalized with 4-mercaptobenzoic acid (i.e., 4-MBA, 

produced by Tokyo Chemical Industry, Chemical Abstracts Service registry number = 1074-

36-8). The final solution was centrifuged at 6000 rpm for 6 minutes and washed with deionized 

water to separate Au-NPs. ~2 μl of the solution was applied to the TiO2 sample with a 

micropipette. The TiO2 sample was heated for ~30 seconds on a hot plate (100 °C) to evaporate 

the solution. The regions with Au-NP coverage were visually visible. As Figure-A III.1a 
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exemplifies, the deposition was evident under the light microscope. We also performed 

scanning electron microscopy (Figure-A III.1b and III.1c) and energy-dispersive X-ray 

measurements (Figure-A III.1d) to verify the deposition of Au-NPs. Our energy-dispersive X-

ray measurements illustrate that we have an Au presence on the surface.  Nevertheless, the 

observation of additional peaks such as carbon, oxygen, etc. can be linked to the exposure of 

the sample to ambient conditions, as well as the vacuum level of the electron microscopy 

system (~10-6 mbar). Moreover, the thickness of the sample and the energy level of the energy-

dispersive X-ray measurements impede the stoichiometric assessment of results. [353, 354] 

 

 
 

Figure-A III.1 Measurements to illustrate the presence of gold nanoparticles (Au-NPs) on the 
TiO2 surface 

 

The optical image shows a transition region as a diffraction pattern, the boundary of the 

evaporation of 4-mercaptobenzoic acid-functionalized Au-NP solution upon deposition (see 

Figure-A III.1a). The same region was imaged with a scanning electron microscope (Hitachi 

S-3600N). The small white arrow in Figure-A III.1b shows the region presented in Figure-A 
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III.1c. In Figure-A III.1d, the energy-dispersive X-ray measurements were performed in a 

zoomed-in region within Figure-A III.1c, employing 15 kV with 97 counts in ~450 seconds.  

 

To overcome the limitations of the energy-dispersive X-ray measurements, we performed 

high-resolution, atomic force microscopy-based topography measurements to ensure a 

successful deposition of Au-NPs across the regions where we performed our experiments, as 

presented in Figure-A III.2. Our topography measurement in Figure-A III.2c covers the exact 

region where we performed our time-resolved atomic force microscopy experiments. In 

Figure-A III.2c, Au-NPs cover ~37% of the surface area. Figure-A III.2d illustrates that we 

identified 56 complete/unshielded (i.e., no overlapping) Au-NPs within the region and 

excluded the partial Au-NP at the borders. The average size of Au-NPs in the measurement 

region is 7977 ± 1870 nm2 (measured by employing 56 complete Au-NPs within Figure-A 

III.2d) with a height of 46.4 ± 8.5 nm (measured by the height difference of the peak point of 

each Au-NPs versus TiO2 substrate along the fast scan direction), which is consistent with the 

specifications of deposited Au-NPs (vide supra). 

 

 
 

Figure-A III.2 Atomic-force microscopy-based topography measurement of gold 
nanoparticle (Au-NP)-deposited TiO2 sample  
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In Figure-A III.2a, the topography image shows deposited Au-NPs over the TiO2 surface.In 

Figure-A III.2b and Figure-A III.2c are zoomed-in regions presented with blue square and 

black rectangle in Figure-A III.2a. Figure-A III.2c shows the exact region where the time-

resolved measurements were performed. Employing image processing, we identified Au-NPs 

and quantified their physical properties, e.g., average size, and height, across the region where 

we performed time-resolved measurements. 

 
Appendix III.B – Time-resolved Scanning Probe Microscopy Measurements 
 
The time-resolved scanning probe microscopy measurements were conducted employing a 

customized VEECO Enviroscope system. [61] As detailed elsewhere, [61] we integrated new 

hardware (e.g., a lock-in amplifier with phase-locked loop capacity, a high-voltage amplifier, 

and a new controller) and software into the microscope while utilizing its environmental 

control features. The microscope was controlled with the Gnome X Scanning Microscopy (also 

known as GXSM) control module [159] with active drift control while employing an MFLI-

lock-in amplifier (by Zurich Instruments) with phase-locked loop capability for frequency shift 

detection. For all our experiments, we utilized gold-coated microcantilever tips by OPUSTIPS 

(4XC-GG, tip radius < 30 nm, stiffness ≈ 9.0 N/m, resonance frequency ≈ 150 kHz). The 

standard frequency-modulation atomic force microscopy technique, which relies on the 

resonance frequency shift, f, of the oscillation cantilever due to tip-sample interaction, was 

used for conventional time-resolved atomic force microscopy measurements. [72] We used an 

oscillation amplitude of ~10 nm peak-to-peak for our measurements.  

 

To successfully record the real-time oscillation signal of the cantilever, we further upgraded 

the microscope electronics, with a digitizer (PicoScope 4824A) and arbitrary function 

generator (Tektronix AFG31051), as shown in Figure-A III.3. As mentioned in the main text 

and detailed in the supplemental information (vide infra), the probe was retracted away from 

the surface to perform time-resolved measurements. The GXSM control module retracts the 

tip away from the surface based on the topography line profile. More specifically, for each 

scan line, first, the topography was measured, and the tip was lifted by 15 nm at each point 
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while performing sub-microsecond TR-AFM measurements, ~40 times at each pixel (100 

pixels/line, 18 nm/pixel).  A voltage pulse was applied by the GXSM controller to the digitizer 

to inform/trigger the digitizer, Vtrigger1. Upon triggering, the digitizer outputted another 

triggering signal, Vtrigger2, to the lock-in amplifier when the phase of the oscillation signal was 

0° with respect to the excitation signal, aexc. With the receipt of the triggering signal, Vtrigger2, 

the lock-in amplifier turned off the phase-locked loop operation and outputted another signal 

to trigger the function generator, Vtrigger3. The output of the arbitrary function generator, Vbias, 

was applied to the sample. The delays due to cabling and data processing were optimized 

experimentally to ensure that the tip-sample bias voltage was applied to an exact phase of the 

oscillation signal.  

 

The oscillation data was recorded for 750 microseconds in total (125 microseconds before the 

initial trigger of the GXSM (i.e., Vtrigger1) and 625 microseconds after the start of the pulse) 

with a 20 MHz sampling rate (vide infra).  Upon the completion of the measurement, the phase-

locked loop was turned on, as Vtrigger2 was off, and then the probe approached the surface with 

active feedback control based on f or amplitude setpoint. 
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Figure-A III.3 The utilized control architecture for sub-microsecond time-resolved atomic 
force microscopy measurements 
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The experiment customization and automation have been rationalized through SoftdB 

controller with Gnome X Scanning Microscopy (GXSM) software. The deflection signal of 

the cantilever was accessed via the Signal Access ModuleTM (SAM). The outputs of the phase-

locked loop, i.e., the resonance frequency shift, f, demodulated oscillation amplitude, the 

phase difference between the excitation and the oscillation signal, , and the excitation signal, 

aexc, are directed to the GXSM to control tip-sample separation. The small signal outputs of 

the GXSM (xs, ys, zs) for the piezo motion are amplified with a high-voltage amplifier. The 

voltage output of the GXSM is employed as the triggering signal of the digitizer, Vtrigger1. As 

detailed in the text, the output of the digitizer triggers the lock-in amplifier, i.e., Vtrigger2 and the 

signal output from the lock-in amplifier, Vtrigger3, triggers the arbitrary function generator. The 

amplified piezo signals, aexc, and the tip-sample bias voltage generated by the arbitrary function 

generator, Vbias, are inputs of the microscope and are exchanged via the SAM. The lock-in 

amplifier with phase-locked loop capability, GXSM, and digitizer have continuous 

communication with MATLAB® and PythonTM for control and automation. As explained in 

detail elsewhere, [61] we approach the surface with Nanoscope® IIIa and then switch to the 

GXSM controller. 

 

Appendix III.C – Thermal Stability 
 
Appendix III.C.1 – Thermal Stability of the Laboratory and the Sample 
 
We controlled the thermal stability of the system before, during, and after measurements. The 

temperature of the microscopy laboratory was regulated with a controlled heating, ventilating, 

and air conditioning (a.k.a., HVAC) system continuously. The temperature in the laboratory 

was 19.6 ± 0.7 °C, while the corresponding relative humidity level was 37.4 ± 2.3 % with the 

active temperature and humidity control. This level of temperature and humidity stability is 

important for the performance of electronic hardware, which may be sensitive to temperature 

variations due to integrated circuit elements. 

 

To measure and control the microscope and the sample temperature, we employed two 

thermocouples (PT-1000) with a temperature resolution of 0.01 °C. One of the thermocouples 
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was within the sample holder and the other one was right under the sample itself. The 

temperature of the sample was regulated with the thermocouple underneath the sample by 

employing a LakeShore 331 controller. However, the second thermocouple, i.e., the one within 

the sample holder, was monitored to observe temperature stability. Once we set the temperature 

of the sample, we waited overnight for the thermal equilibrium of the entire microscope 

chamber. It is important to note that we did not observe any temperature or heating power 

change in the sample upon high-energy ultraviolet irradiation. 

 
Appendix III.C.2 – Thermal Stability of the Cantilever Probe 
 
The temperature of the cantilever was not actively controlled. However, we waited overnight 

to stabilize the temperature of the system for our temperature-dependent measurements. 

During this period, the cantilever was ~5 millimeters away from the sample. For this reason, 

the thermal equilibrium was reached before we performed our measurements. The other factor 

that may alter the temperature of the cantilever is high-energy ultraviolet (UV) irradiation. As 

we did not measure the temperature of the cantilever, we monitored parameters, e.g., resonance 

frequency, that would directly change due to temperature, to ensure the thermal stability of the 

cantilever upon UV irradiation. We did not observe any resonance frequency change in the 

cantilever due to UV irradiation. Nevertheless, as Figure-A III.4 shows, we performed thermal 

spectrum measurements of the cantilever without and with UV irradiation (power density = 

2.5 mW/cm2, ~two times the UV power density that we normally employed during our time-

resolved atomic force microscopy measurements). Figure-A III.4 illustrates that the thermal 

spectrum of the cantilever is inert to UV irradiation, which implies that the temperature of the 

cantilever does not change (at a measurable amount) due to UV irradiation.   
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Figure-A III.4 Thermal spectra measurement of a cantilever for ultraviolet (UV) irradiation 
off (a) and UV irradiation on (b) cases 

 

The resonance frequency was calculated with Lorentzian curves (dashed lines) in Figure-A 

III.4. Figure-A III.4a and Figure-A III.4b demonstrate that there was no measurable effect of 

UV irradiation on the cantilever’s thermal spectra. The voltage spectral densities presented in 

this figure were recorded at room temperature (19.5 °C) under ambient conditions and 

averaged 50 times. The bandwidth of the measurement was 469 kHz, and a built-in Hanning 

window filter was employed.   

 
Appendix III.D – Optimization of the Sampling Rate 
 
The digitizer that we employed, i.e., PicoScope 4824A, has 256 mega samples buffer memory. 

As Figure-A III.5 shows, we collected data at 10 MHz, 20 MHz, 40 MHz, and 80 MHz 

sampling rates on a template-stripped gold sample. We varied the decay times of the tip-sample 

bias voltage, i.e., τ, 1 μs-100 μs, to optimize the sampling rate. Our measurements illustrate 

that decay times larger than 20 μs, result in statistically the same decay time for the first peak, 

i.e., tfp, for all sampling rates; however, for faster decay times the response is limited by the 

measurement system. [58, 59] Moreover, with increasing sampling rates, i.e., 40 and 80 MHz, 

the computation cost to post-process data increases significantly. In addition, higher sampling 

rates limit the number of repetitions per pixel due to the limited storage capability of the 

digitizer. For these reasons, we used a sampling rate of 20 MHz for our sub-microsecond time-

resolved atomic force microscopy measurements, which enabled us to maximize the number 

of repetitions per pixel and optimize the signal-to-noise ratio. 
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Figure-A III.5 The measurements to optimize the sampling rate 
 

We performed sub-microsecond time-resolved atomic force microscopy measurements on a 

template-stripped gold sample to optimize the sampling rate of the data digitizer, i.e., 

PicoScope 4824A. Our measurements show that sampling rates higher than 20 MHz yield the 

same time for the first peak, tfp, for the time constant of the bias signal, τ, larger than 20 μs. 

However, higher sampling rates limit data repetition at each pixel (required to enhance the 

signal-to-noise ratio) and increase the cost of computation required for post-processing. For 

these reasons, we used a 20 MHz sampling rate for our measurements. 

 
Appendix III.E – Optimization of the Tip-Sample Separation 
 
We performed experiments for two different tip-sample bias voltages, Vbias, to check the effect 

of the tip-sample separation, d, on the time for the first peak, tfp, measurements over template-

stripped gold samples. As Figure-A III.6 shows, for d < 10 nm, the tfp values have strong 

variations due to excess tip-sample interaction upon the applied electric field. More 

specifically, at small tip-sample separations, d ≤ 10 nm, the cantilever was exposed to very 

strong, attractive Coulombic forces which constrained the motion of the cantilever and 

restrained the oscillation at the free end of the probe while promoting non-linear oscillations. 

Employing an oscillation amplitude of 10 nm peak-to-peak, this effect did not fully fade away 

at d = 10 nm. Nevertheless, our measurements also reveal that the variation of the measured tfp 

increases monotonically for d ≥ 20 nm due to weakening tip-sample interaction force with 
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increasing distance. For these reasons, we employed a Vbias = 7 Vpp with a d = 15 nm for our 

measurements. 

 

 
 

Figure-A III.6 The measurements to optimize the time constant of the tip-sample bias voltage 
 

We performed sub-microsecond time-resolved atomic force microscopy measurements on a 

template-stripped gold sample with different tip-sample bias voltages (7 Vpp and 5 Vpp) and tip-

sample separations, 1 nm < d < 100 nm. Our measurements show that, for d ≤ 10 nm, the time 

for the first peak, tfp, has strong variations due to excess tip-sample interaction of the applied 

electric field. Nevertheless, for d ≥ 20 nm, the variation of tfp increases monotonically with 

decreasing tip-sample interaction. As a result, we employed Vpp-ideal = 7 Vpp with a tip-liftideal = 

15 nm for our measurements. 

 
Appendix III.F – Fast Timescale, Temperature-Dependent Measurements 
 
We performed temperature-dependent sub-microsecond time-resolved atomic force 

microscopy measurements at 25 °C and 66 °C, as presented in Figure-A III.7. Differences in 

the measured time for the first peak, tfp, values are minute, 92.74 ± 0.64 μs and 92.42 ± 0.68 

μs respectively; however, our statistical analysis (one-sided equality of means test, i.e., t-test) 

showed that tfp values at different temperatures are statistically different. For this reason, we 

believe that the measured difference is physical. However, it would be better to measure the 

temperature-dependent dynamics of fast charge carriers for a wider temperature range to reveal 

their migration barrier. Nevertheless, this is beyond the scope of this work. Comparing our 
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results/methods with the literature, we want to note that with our time-resolved experiments, 

we measured the migration dynamics of charge carriers, which is different than the transient 

electron injection measured with time-resolved X-ray photoelectron spectroscopy. [252] Being 

two physically different phenomena, the time scale of migration dynamics and electron 

injection are different. 

 

 
 

Figure-A III.7 The temperature-dependent time constant (i.e., time for the first peak, tfp) 
measurements of fast charge carriers (i.e., electrons) across pristine TiO2 (100) sample 

 

The tfp values were measured at 25 °C (red histogram) and 66 °C (blue histogram). Our results 

illustrate that tfp values decreased with increasing temperature and the decrease was justified 

with a statistical test (i.e., t-test); however, the measured difference, tfp, was minuscule 

numerically. As the measured difference was rather small, we repeated measurements 800 

times instead of 40 times for ~300 data points to further enhance the signal-to-noise ratio.  

 
Appendix III.G – Effect of Surface Irradiation Power Density 

 
Figure-A III.8 shows measurements at different high-energy ultraviolet (UV) irradiation levels 

to reveal the effect of surface irradiation power density on migration time constants, τ*. Our 

results illustrate that with increasing power density of surface irradiation, the measured time 

constants for slow charge carriers (i.e., holes) decrease. In addition, our successive 

measurements show that the surface recovers upon termination of surface irradiation.  
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Figure-A III.8 Successive measurements of the effect of surface irradiation power density on 

the time constant of slow charge carriers, τ* 
 

Conventional time-resolved atomic force microscopy measurements were performed on a 

pristine TiO2 (100) sample under different high-energy ultraviolet (UV) irradiation levels. Our 

measurements show that with increasing UV power density, τ* decreases. Moreover, the 

surface recovers upon termination of UV irradiation. 

 
Appendix III.H – Identification of Gold Nanoparticles 

 

 
 

Figure-A III.9 Identification of regions with gold nanoparticles (Au-NPs) 
We identified Au-NPs on each scan line automatically by applying the height difference of 

the Au-NPs with respect to the single-crystal TiO2 (100) surface. 
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Appendix III.I – Relation Between Activation Energy and Charge Carrier Mobility  
 
Charge carrier motion in the bulk of a material can be simulated through Einstein’s random 

walk relation. The diffusion coefficient, Dc, is extracted from Einstein’s random walk relation 

as: [109] 

 

௖ܦ  = ழ∆௥మவଶఈ௧   (AIII.1) 

 

Where the mean-square displacement, < ଶݎ∆ >, refers to the displacement of a particle’s 

diffusion, t is the duration of the diffusion and α is the dimensionality of the process. Also, the 

mean-square displacement can be represented by using the jump length (l) and number of 

jumps (N).  

 

 < ଶݎ∆ > = ݈ܰଶ  (AIII.2) 

 

As given through Equations AIII.1 and AIII.2, total jump events can be represented through 

the nearest neighboring sites for potential jumps, n, hopping rate (frequency of the jump 

occurrence phenomenon) associated with jumping events, Γ. 

 

 ܰ = ݊Γݐ (AIII.3) 

 

The individual defect jump rate is given as: [355] 

 

 Γ = ෤݁ି∆ி೐௞ಳ்ݒ  
(AIII.4) 

 

In Equation AIII.4, ܶ is the absolute temperature, ݇஻ is the Boltzmann’s constant,  ݒ෤ is the 

effective frequency of defect vibration at the saddle point, ∆ܨ௘ is the energy needed for the 

defect movement from initial equilibrium to the saddle point, i.e., the free energy change 

between the initial equilibrium (charge carrier position) and kinetic barrier (energy required 
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for the hopping event). By rearranging Equation AIII.4, the hopping rate equation is obtained 

and expressed as: [41, 105] 

 

 Γ ≈ ݇஻ܶℎ ݁ି∆ி೐௞ಳ்  
(AIII.5) 

 

where h is the Planck’s constant. If the free energy is divided into its total energy and entropic 

components, it can be expressed as: [356] 

 

௘ܨ∆  = ܧ∆ − ܶ∆ܵ (AIII.6) 

 

where ∆E corresponds to the diffusion activation energy barrier (∆E=Ea) and ∆S refers to the 

vibrational entropy. Regarding the charge carrier mobility approximation, comparatively, the 

local vibrational frequency component is negligible concerning the initial state vibrational 

frequency for the temperature range that we performed our measurements (i.e., at around room 

temperature). [357] Thus, the entropy component approximates to zero. For crystalline 

materials within a similar temperature range, this assumption is regularly utilized. [41, 358] 

 

 ∆ܵ = ∆ܵ௩௜௕ ≅ 0 (AIII.7) 

 

To connect the diffusion coefficient to mobility, one can express the diffusion coefficient for 

a charged particle within Einstein’s diffusion relation concept. [109] 

 

௖ܦ  = ݍ௘݇஻ܶߤ  
(AIII.8) 

 

In Equation AIII.8, ߤ௘ is the electrical mobility for a charged particle, where ݍ is the electric 

charge of a charge carrier. To retrieve the mobility in our case, one can combine given 

equations. If Equation AIII.1 is rewritten by substituting Equation AIII.2 and AIII.3:  
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௖ܦ  = < ଶݎ∆ ݐߙ2< = ݈ܰଶ2ݐߙ = ݊Γ݈ݐଶ2ݐߙ = ݊Γ݈ଶ2ߙ  
(AIII.9) 

 

Inserting Equation AIII.5 into Equation AIII.9 results in: 

 

௖ܦ  = ݊Γ݈ଶ2ߙ = ݈݊ଶ2ߙ ݇஻ܶℎ ݁ି∆ி௞ಳ்  
(AIII.10) 

 

If the Equation AIII.7 condition is applied to Equation AIII.6 and resultant relation is inserted 

to Equation AIII.10, it leads to: 

 

௖ܦ  = ݈݊ଶ2ߙ ݇஻ܶℎ ݁ିாೌ௞ಳ் 
(AIII.11) 

 

As the diffusion coefficient and mobility relation were given in Equation AIII.8, if we equate 

the diffusion coefficient in Equation AIII.11, we can obtain the final mobility relation. 

 

 ݈݊ଶ2ߙ ݇஻ܶℎ ݁ିாೌ௞ಳ் = ௖ܦ = ݍ௘݇஻ܶߤ  
(AIII.12) 

 

௘ߤ  = ℎߙଶ2݈݊ݍ ݁ିாೌ௞ಳ் 
(AIII.13) 

 

Equation AIII.13 reveals the bulk activation barrier and mobility relation depending on the 

hopping distance, ݈, and potential neighbouring locations that it can happen to. To correlate the 

time constant associated with charge carrier migration, τ∗, and mobility, we can use the 

diffusion relation [109] and one can write the generalized mobility, i.e., ߤ =  as the ratio ,ݍ/௘ߤ 

of a particle’s terminal drift velocity, ݒௗ, to the applied force, ܨ.  

 

ߤ  = ܨௗݒ   (AIII.14) 
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In our case, the drift velocity is the electron drift velocity caused by the electric field. The force 

is the electrical force applied through the created electric field over the sample surface by the 

tip-sample bias voltage. Hence, the electrical force, ܨ௘, is represented as: 

 

ܨ  = ௘ܨ =  (AIII.15) ݍܧ

 

where E is the magnitude of the applied electric field. If Equation AIII.15 is substituted into 

Equation AIII.14, we obtain the electrical mobility. 

 

௘ߤ  = ܧௗݒ   (AIII.16) 

 

Also, the drift velocity can be stated in terms of τ∗, the effective mass of the particle, m, and ܨ௘  in the following form. [268, 269] 

 

ௗݒ  = τ∗݉ݍܧ  
(AIII.17) 

 

As a result of Equations AIII.16 and AIII.17, it is possible to correlate the measured τ∗changes 

with mobility variations, which then can be interpreted for charge carrier motion analysis and 

optimization. 
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Appendix IV.A – X-ray Diffraction Measurements 
 

 
 

Figure-A IV.1   X-ray diffraction measurements of single crystal TiO2 and 46-nm thick TiO2 
film grown on quartz 

 

X-ray diffraction (XRD) measurements were performed by employing a PANalytical X’Pert 

PRO, which was operated with a Co X-ray source with Co Kα₁ (λ= 1.78901 Å) and Co Kα₂ (λ= 

 
 
9 Bugrahan Guner (2025, p. 83) 
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1.7929 Å) emitted with an intensity ratio (Kα₂ / Kα₁) of 0.5 at a resolution of 0.0167° by 

employing a generator voltage of 45 kV and tube current of 40 mA at 200 seconds per step 

sampling rate.  

 

Figure-A IV.1a  shows the XRD measurements of the single-crystal TiO2 sample. The supplier, 

MSE Supplies LLC, reported that the TiO2 crystal has (100) orientation, confirmed by our 

XRD measurements, revealing a sharp, intense peak at 2θ ≈ 46°. [359, 360] Due to destructive 

interference (a.k.a., systematic absence), the (100) peak of TiO2 is suppressed. [360] A second 

peak is visible at 2θ ≈ 42°, corresponding to the (101) plane; however, it has two orders of 

magnitude less intensity than the (200) peak. [359, 361-363] The powder form of rutile would 

ordinarily give (110) and (101) the most intense peaks. However, these peaks are absent 

relative to the (200) peak. These observations support the supplier report of the (100) surface. 

The lattice constant corresponding to the most dominant peak, i.e., (200), is calculated as 

4.5786 Å, while the tetragonal lattice constant (a = b ≠ c) of rutile TiO2 is a = 4.5937 Å. [364] 

 

Figure-A IV.1b shows the XRD measurement of 46-nm thick, polycrystalline TiO2 film on the 

quartz substrate. The XRD data have a background due to the quartz substrate, e.g., ~25° peak, 

which is consistent with the literature. [35] Distinct reflections appear around 31°, 44°, and 

46°, which are relevant to polycrystalline rutile TiO2, specifically the (110), (101), and (200) 

planes. [359, 361-363] The thin‐film nature (~46 nm) and polycrystalline microstructure cause 

these peaks to be broad and low‐intensity, in contrast to the stronger reflections typically 

observed in bulk. [365] We did not observe characteristics of anatase, indicating that the film 

is predominantly rutile. 
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