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Chapter 1

Introduction

1.1 Solar fuels in perspective

Mankind consumes a large and ever increasing amount of energy. In 2014 about

78% of this energy was obtained by burning fossil fuels, such as oil, coal and nat-

ural gas [1], as illustrated in Fig. 1.1. These sources are depleting and their use

generates byproducts that disturb our atmosphere. Clearly this cannot continue

indefinitely.

In principle, the sun and its byproduct wind have the potential to provide

us all the energy we need. Systems that can efficiently convert these sources

of energy into electrical energy exist, but to deliver a significant contribution,

large investments are required, which are not necessarily economically viable.

It is a battle between the ambitions for a sustainable future and the desire for

economic growth. Nevertheless, such investments are made around the world

and significant amounts solar and wind electric energy are already produced.

However, the biggest hurdle is perhaps not generation of electricity, but energy

storage.

There are two main reasons for the need to store solar and wind energy. First,

large amount of energy are consumed for transportation. Electricity can be used

without storage in electric trains, because they can be connected continuously to

an electricity network. But in many cases this is not practical and the energy con-

sumed by the transportation device needs to be carried along, like fuels in cars,

boats and airplanes. Second, the availability of sun and wind energy fluctuates

locally on a dramatic scale, at night there is no sun, and even the windiest places

have periods of calm.

The main applied and studied energy storage methods are pumped-storage

hydroelectricity, heat storage, electrochemical batteries and production of fuel.

Only the latter two are suitable for transportation. Batteries are ever improving

and have become suitable for driving cars, but compared to fossil fuels, they are

still heavy and bulky, and replenish slow. Making sustainable fuels is therefore
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1.1. Solar fuels in perspective

Figure 1.1: Estimated shares of the different energy sources in the global energy

consumption of 2014. Image taken from [1].

an interesting possibility. This can be done with electricity from sunlight or wind,

or directly with sunlight.

Plants, algae and some bacteria perform a process called photosynthesis, in

which sunlight is used to convert CO2 and water into oxygen and compounds

that can be used as fuel. The energy stored in this fuel of course comes from

the absorbed sunlight. Hence they produce “solar fuels”. It is interesting to note

that fossil fuels are actually fossilized solar fuels, produced with photosynthesis

millions of years ago. They are still being formed at present, but very slowly.

Much slower that we exhaust them. Hence, fossil fuels are not renewable. The

fuels produced now by plants, algae and bacteria are renewable, because any

used amount can in principle be produced again. Note, however, that if, for

example, this production is accompanied by the destruction of ecosystems this is

not generally considered sustainable.

We use solar fuels from plants on a huge scale: All the energy in our food is

directly or indirectly solar fuel converted by plants. In addition, as can be seen

in Fig. [1], nearly half of all the renewable energy used in the world comes from

traditional biomass. This is mainly plant material used as fuel for cooking and

heating in remote and rural areas in developing countries. Of the other half a

small part comes from biofuels, such as ethanol, which can be made from sugar

cane and corn. A problem with these biomass sources is that they are food-crops

and that the production requires fertile land for production. The possibilities
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Chapter 1. Introduction

to use non-food crops growing in agriculturally marginal land are investigated

and could provide viable solutions in the future [2]. Another contribution to

the renewable energy share comes from biogas, which can be made from organic

waste, such as manure, food waste and sewage. Clear benefits of this route are the

cheap source of biomass and the reduction of waste streams, but it is a naturally

limited source, and as such it cannot provide a full solution. Much research

funds are aimed at new technologies to produce solar fuels. Promising results

come from research and modification of algae for the production of solar fuels,

which has lead to a growing number of actual applications and investments [3, 4].

The work described in this thesis is motivated by another possibility: to create

fuels from sunlight without the use of any living organisms.

The simplest known method to do this is to use electricity generated with

sunlight or wind to drive electrolysis of water. The resulting fuel is hydrogen.

In use, it is a diverse and convenient fuel for many applications, but its stor-

age is difficult and not yet perfect [5]. Some workarounds for this issue could

be to mix it with natural gas in existing networks [6], to convert it to a more

convenient hydrocarbon fuel with existing technology [7], or to use it in am-

monia production, which already consumes large amounts of hydrogen obtained

from the fossil fuel natural gas. With commercial photovoltaic and electrolysis

technologies, conversion of solar energy to pressurized hydrogen, ready for car

fueling, has been demonstrated with over 9% efficiency [8]. This is a promising

number, and perhaps it is already time to make serious investments in such tech-

nology, irrespective of the possibly higher cost than natural gas. However, other

approaches might still lead to even higher efficiency and lower overall costs.

Considerable research effort motivated by the need for solar fuels, including

this work, is focused on creating artificial devices that convert raw materials into

fuels directly with sunlight, without first generating electricity. This is in a sense

what plants do in their leafs, hence such devices are often referred to as artificial

leafs. This approach enables the exploitation of photochemical processes that

could possibly enhance the efficiency. Considering the success of plants and al-

gae, this direction appears promising. However, naturally, there is no consensus

whether this is the most promising approach.

1.2 Semiconductor based artificial leaves

There are many solar leaf design concepts for hydrogen production through wa-

ter splitting. Those of importance for this work are photoelectrochemical (PEC)

cells and water dispersed powder cells based on semiconductor materials. Here

we give a brief discussion of how they work, using only a few basic semicon-

ductor properties. For more complete and detailed discussions, see e.g. [9–13].

Semiconductors have a completely filled band of valence electrons, called the

3



1.2. Semiconductor based artificial leaves
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Figure 1.2: Schematic energy diagram of a water splitting photoelectrochemical

cell with a semiconductor photoanode and alkaline solution.

valence band, which is separated from the next band of energetic states, called

the conduction band, by an energy gap called the bandgap. Photons with en-

ergy larger than the bandgap can excite electrons from the valence band into

the conduction band, as depicted on the left side in Fig. 1.2. The thus created

electron-hole pair can recombine and create a new photon, but clearly this should

be prevented if the goal is to convert solar energy. Luckily, both the electron in

the conduction band and the hole in the valence band it left behind can respond

to electric fields and contribute to a net current. Hence, if there is an electric field

built in the semiconductor device, a net current can be generated upon illumina-

tion. In Fig. 1.2 such an electric field is present in the semiconductor right next

to the semiconductor-water interface.

Water splitting generally occurs in two separate chemical reactions. A re-

duction reaction, where electrons (e−) are added and hydrogen is formed, and

an oxidation reaction where electrons are removed (holes are added (h+)) and

oxygen is formed. In alkaline solutions, these two half-reactions can be written

as

4H2O + 4e− −→ 2H2 + 4OH− (1.1)

4OH− + 4h+ −→ 2H2O + O2. (1.2)

Without a driving force, the reactions would naturally occur in the other direc-

tion than indicated by the arrows, and energy would be released instead of stored.

The amount of released energy, the Gibbs free energy change, is 237 kJ/mol H2.

In electrolysis of water, an electric potential is applied to drive the reactions to-

wards H2 and O2. From the amount of charge required per mole H2 and the

Gibbs free energy change it follows that the minimum required electric potential

is 1.23 V. However, due to chemical barriers the required potential is higher in

practice. These barriers can be minimized with catalysts that introduce suitable

4



Chapter 1. Introduction

intermediate steps in the chemical reactions, but through theoretical consider-

ations of the intermediate steps it appears that the minimum required potential

cannot be reduced below 1.5 V [14]. In the semiconductor solar leafs this po-

tential is delivered by the photo-generated electrons and holes that are spatially

separated by built-in electric fields.

The most basic PEC cell designs consist of a flat semiconductor electrode

with on the front side surface contact to a suitable aqueous solution, generally

referred to as the electrolyte, and on the back side contact with a metal electrode

that also makes surface contact with the electrolyte. This construction is depicted

in Fig. 1.2. In this case a built-in electric field exists right below the surface at the

semiconductor electrolyte interface, which can be caused by some form of charge

accumulation at the interface. The valence and conduction band correspond to

electronic state energies and therefore shift according to the electric potential

generated by this electric field, as depicted by the bending of the valence and

conduction bands. In chapter 2 and 6 band bending is discussed in more detail.

In the situation depicted in Fig. 1.2, the band bending is such that photogen-

erated holes are driven towards the surface and electrons away from the surface.

In case of proper contact with the metal electrode, the available electron states

in the metal can be aligned somewhere in between the valence and conduction

band edge. Then thermodynamics will drive photogenerated electrons into the

metal. As a result an electric potential is generated between the metal electrode

and the semiconductor surface. If this potential is large enough, oxygen can now

be generated at the semiconductor and hydrogen at the metal surface. By plac-

ing a suitable ion exchange membrane between the two electrodes [15], the two

gases can be collected separately from the device. With the current flowing in

this direction, the semiconductor electrode is called a photoanode. In case of

downward band bending at the semiconductor surface, a current in the other di-

rection could be obtained, making the semiconductor electrode a photocathode.

These PEC cells can be operated with back illumination, with the sunlight go-

ing through the back contact, or with front illumination, with the sunlight going

through the electrolyte, past the metal electrode and through the ion exchange

membrane. This places strong demands on the design of the entire cell.

With optimized catalytic surfaces, the described electrochemical cell clearly

requires a bandgap of at least 1.5 eV. However, taking into account the band

bending, a reduction of electron energy at the back contact and the fact that the

thermodynamic driving force of the holes is not determined by the valence band

edge, but by the electrochemical potential of the holes at the surface [9, 16], it is

clear that in in reality the required bandgap will be significantly larger. The solar

spectrum is such that increasing the bandgap further, will significantly reduce the

solar to hydrogen energy conversion efficiency. One possible solution is to exter-

nally apply an additional potential between the two electrodes, essentially mak-
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1.2. Semiconductor based artificial leaves

ing the device a hybrid electrolyser-solar leaf. Another solution, which retains

the solar leaf principle, is to add photovoltaic layers to the construction. These

can be placed in between the semiconductor and the back electrode, similar to

multi-junction solar cell designs, or by using both a photoanode and photocath-

ode in a single device [15]. To accommodate the associated increasing demands

on issues such as light management, the cell design has to be considered even

more carefully.

To reach high efficiency, the semiconductor materials need to have, in addi-

tion to a suitable bandgap, long electron-hole life times and mobility, such that

these charges can be separated before they recombine. Also, the relative align-

ment of the band edges and the water splitting half-reactions Eq. (1.2) needs to

be such that the latter are at energies that lie inside the bandgap [11, pp. 38-43].

To make matter even more complicated, there are several additional important re-

quirements that hold for all materials used in a PEC cell. They have to be stable

under the conditions to which they are exposed, they have to be earth abundant,

not too expensive, preferably non-toxic and compatible with required catalysts.

It is a challenging search for the most suitable materials and design, and this

is still ongoing. Promising results have been obtained with a variety of mate-

rials, for example, 4.9% solar to hydrogen efficiency has been achieved with a

device based on an a BiVO4 photoanode constructed on top of a double junction

amorphous Si solar cell [17].

The other solar leaf design mentioned above is water dispersed powders cells.

The cell design is then in principle as simple as a container filled with water in

which a semiconductor powder is dispersed that splits water under illumination.

Alternatively, the powder can be immobilized on a plate inside the container,

which enables electric interaction between the powder particles. The very simple

cell design with a minimum of construction materials is a clear advantage over

the PEC cell approach. Another advantage is that it appears that such systems

work well in pure water, while PEC cells need a conductive solution. A clear

disadvantage, however, is that the produced hydrogen and oxygen are mixed in

the cell, and have therefore have to be separated in an additional step.

Although powders that can split water under illumination have been discov-

ered, none of them does so with sufficient efficiency to enable practical applica-

tion. This is related to the fact that the demands on the semiconductor properties

are even more stringent than for PEC cells.

As in the PEC cells, the bandgap of the semiconductor powder particles

should fit the solar spectrum such that sufficient solar photons can create electron-

hole pairs. Before they recombine, a sufficient number of them have to be sepa-

rated to different locations at the surface of the particle, instead of one type to the

surface and the other to a back contact, as in the PEC cell. There, at the surface,

the water splitting half reactions have to be driven with proper catalysts. Since
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Chapter 1. Introduction

Water splitting powder 

O2 and H2 

Figure 1.3: Cartoon of a water dispersed powder cell.

the semiconductor particles themselves are often referred to as a photocatalysts,

these are commonly referred to as cocatalyst. Back reactions, i.e. reactions in

the wrong direction, are a serious issue in the dispersed particle configuration,

because all reactions are happening very close to each other and to both types

of charges. So, ideally, the cocatalyst, or its surrounding, prevents this to some

extent.

A big issue in these steps is the separation of the electrons and holes to dif-

ferent areas on the surface of the powder particles. In principle, the driving

force for this separation can be provided by variation in the band bending at the

surface. This can be caused by variations in the nature of the surface, such as

the different surface termination at different crystal facets. Ideally, there would

be upward band bending at some surface areas, and downward band bending at

others. Another driving force for charge separation can arise when in a certain

direction within the crystal the electron mobility is larger than the hole mobil-

ity, and vice versa in another direction. The idea that holes and electrons can

be separated to different crystal facets has been neatly demonstrated for BiVO4

through photodeposition of metals and metal oxides [18]. Alternatively, charge

separation can be achieved by deposition of additional compounds on the sur-

face that efficiently accumulate either electrons or holes. These compounds can

be cocatalysts themselves, such that they have a dual role. Otherwise they can

be deposited next to or underneath the cocatalysts.

A large number of materials have been found to split water under illumi-

nation when dispersed as powder in water, but all of these have a very large

bandgap [10]. This means that they work with the high energy photons present

in UV light, but this is only a very small portion of the solar spectrum and

therefore the solar to hydrogen energy conversion efficiency is very low. The

large bandgap gives the electrons and holes a large amount of excess potential

for water splitting. This strongly drives the chemical reactions in the right di-
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1.3. NaTaO3

rection and reduces the catalyst and charge separation requirements. Neverthe-

less, large variation in the efficiency is observed between different particle semi-

conductor compositions and deposited cocatalysts. The record holder, when it

comes to the conversion of incoming UV photons to hydrogen molecules, called

the external quantum yield, is La-doped NaTaO3 with NiOx co-catalyst [19].

The solar to hydrogen conversion efficiency of a system is proportional to this

quantum yield, but due to the large bandgap of NaTaO3 this efficiency is very

low. To achieve water splitting within a larger range of the solar spectrum, very

complicated particle structures have been composed, such as TiO2−m(OH)2m ·
xH2O/RhCrOy/LaMgxTa1−xO1+3xN2−3x [20]. However, except for unstable

cases such as nanocrystalline CoO [21], the efficiency that has been reached

with dispersed particle systems is still low.

An alternative approach is to drive the two water splitting half reactions with

two different types of suspended particles connected through a dissolved redox

couple. In principle, this so-called Z-scheme approach could work with smaller

bandgap semiconductors, while, in addition, it could also enable construction

of systems with separate hydrogen and oxygen generation. Unfortunately, it

turns out to be very challenging to achieve efficient charge transfer between the

particles through the redox couple [12, 22]. However, recently, promising recent

results have come from a twist in the z-scheme approach: by connecting the two

particle types through a metal in a so-called photocatalyst sheet design, solar to

hydrogen efficiency exceeding 1% have been reached [23].

1.3 NaTaO3

Pure NaTaO3 can already split water under UV illumination [24], but with 2% La

doping and NiO cocatalyst its efficiency was found to increase by a factor 126,

resulting in a record quantum yield of 56% [19]. A variety of properties has been

considered to contribute to this remarkable result. First, the La-doping can cause

a reduction of particle size and an ordered surface nanostep structure, as shown

in Fig. 1.4, which can be advantageous to an increase the probability of the reac-

tion of photogenerated electrons and holes with water molecules [25]. Assuming

the NiO to be in its semiconductor form, its bandgap and alignment with respect

to NaTaO3 appears to be ideal for efficient separation of photogenerated elec-

trons and holes [26]. On the other hand, the catalytic mechanism of the Ni/NiO

has since long been the subject of investigation [27–29], and recently the in-situ

formation of dual cocatalysts Ni/NiO on NaTaO3 has been demonstrated [30].

An additional contribution to the boost in performance has been suggested to

originate from the fact that on the La-doped NaTaO3 the NiO appears to deposit

on the edges of the nanosteps, while through PbO2 photodeposition experiments

it was found that holes react in the grooves of the nanosteps [19]. These results

8



Chapter 1. Introduction

100 nm

Figure 1.4: Scanning electron microscope image of La-doped NaTaO3 with sur-

face nanostep structure. (Result from Frank Buters bachelor thesis work.

suggest that during water splitting the NiO at the edges accumulate electrons and

perform the hydrogen producing reaction, while holes react at the grooves to pro-

duce oxygen. This would be an ideal situation with respect to charge separation

and suppression of recombination and back reactions.

Despite the large amount of studies regarding the NaTaO3 system, many is-

sues are still unclear. For example, it is not clear why and under what conditions

the NiO deposits at the nanostep edges. Also, the PbO2 photodeposition in the

grooves is not truly a definite proof that the holes react at the grooves and, hence,

the electrons at the NiO. Moreover, the exact incorporation and electronic role

of La in the NaTaO3 crystal is not known [31], and in certain synthesis meth-

ods La-doping does not seem to cause clear nanosteps, while still high yields are

obtained [32, 33]. Another important question is whether it is possible to nar-

row the bandgap of NaTaO3 through doping such that higher solar to hydrogen

conversion efficiency could be obtained [34–39]. Altogether, studying NaTaO3

systems can provide important insights with respect to various aspects of water

splitting, while at the same time it could lead to ways to improve its performance,

or the performance of other systems.

1.4 Kelvin probe force microscopy to study NaTaO3

In this work, the main applied tool applied to study NaTaO3 is Kelvin Probe

Force Microscopy (KPFM). Fig. 1.5 shows a schematic representation of a

KFPM setup. The classical Kelvin probe is a tool to measure the work function

(see chapter 2) on macroscopic scales. KPFM is an adaptation of this technique

that is integrated in an Atomic Force Microscope (AFM) such that the position

of the probe with respect to the sample can be controlled very accurately and the

9



1.4. Kelvin probe force microscopy to study NaTaO3

Figure 1.5: Schematic representation of the KPFM setup.

work function can be mapped down to nanometer scale [40].

An AFM can be used to accurately measure the surface topography of a sam-

ple by scanning the surface with a very sharp tip at the end of a microcantilever.

The forces on the probe are detected through a laserbeam that reflect from the

back surface of the cantilever into a position sensitive photodetector. A common

method to determine the topography is to mechanically drive the cantilever into

a constant oscillation and than bring the probe towards the surface until the os-

cillation amplitude is diminished through interaction with the sample to a certain

preset smaller amplitude. Then the probe tip is raster scanned over the sample

while the vertical distance, i.e. tip sample distance, is controlled through a feed-

back system such that the oscillation amplitude stays fixed at the preset feedback

value. Under proper conditions, the vertical displacement signal then gives an

accurate representation of the topography of the sample surface.

The KPFM measurement relies on application of an oscillating electric po-

tential between the probe and the sample. This requires some conductivity of

the probe and the sample. The oscillating potential causes an oscillating electro-

static force. A feedback potential is added to the oscillating potential, which is

adjusted through a feedback system such that it minimizes the electrostatic os-

cillation. For a conductive probe and sample, the applied feedback potential can

then be related to the difference in the work function between the probe and the

sample.

AFM can be applied in gaseous conditions, vacuum and liquids. Methods to

perform KPFM in water have been suggested [41–43], but developments are not

sufficiently far for reliable implementation and interpretation. Hence, KPFM is

mainly applied in gaseous conditions and vacuum. Although in principle KPFM

gives analogous information in both cases, differences in favorable technical im-

plementations lead to significant differences in the obtained results. Mainly, in

vacuum KPFM is preferably applied at very small probe-sample distances in a

mode that relies on force gradient detection, leading to superior lateral resolu-

tion. In gaseous conditions the used distance is generally larger and so is the

10



Chapter 1. Introduction

obtained resolution. In this work we apply KPFM in air. This removes many

difficulties, while also a water film forms on the material surface such that it

is somewhat more near its state when immersed in water, which is the relevant

condition for this work.

The work function and its change upon illumination are related to charge

separation processes in materials [44]. Hence, application to water splitting sys-

tems, such as NaTaO3, can provide insight into charge separation mechanisms.

However, several issues with respect to the correct implementation and data in-

terpretation were unsolved at the start of this project. As a result, solving these

issues and validating the KPFM technique for our rough and semiconducting

samples has become an important aspect of this thesis.

1.5 Objectives and organization of the thesis

In this project, the NaTaO3 system was chosen as model and work horse mate-

rial, to study the charge separation mechanisms with photoelectrochemistry and

KPFM as main tools. These tools require thin film NaTaO3 samples on con-

ductive substrates, i.e. NaTaO3 photoelectrodes, as well as proper experimen-

tal implementation and data analysis. Accurate knowledge of the mechanisms

underlying NaTaO3’s remarkably high water splitting water splitting quantum

yield could lead to system design concepts applicable to other systems. At the

same time, the realization of an NaTaO3 photoelectrode provides a platform for

bandgap narrowing through doping, which could prove more successful in this

configuration, because of the relaxed material requirements in comparison to

single particle water splitting.

The first three chapters are devoted to the KPFM method itself. In chapter 2

we go into details of the interpretation of KPFM results obtained on semiconduc-

tors. Literature turned out to be inconclusive on this matter and two competing

interpretation existed. Through a combination of theoretical considerations, a

simple experiment and a thorough comparison of the predictions of both inter-

pretations with published experimental results we reach a decisive conclusion.

In chapter 3 we cover a technical issue related to signal acquisition, with some

special attention to the variation of the KPFM method that could be applicable in

liquids. In chapter 4 we demonstrate that an inhomogeneous probe can be a ma-

jor cause for artifacts in KPFM measurements on non-flat samples. We develop

a model that explains this causality, and we present methodology to prevent the

cause, i.e. formation of probe inhomogeneity.

The last three chapters contain the results related to NaTaO3. chapter 5

present a modification of an existing NaTaO3 thin film synthesis method that

provides more durable films and a new kind of control over the film morphology.

In chapter 6 we demonstrate a thin film NaTaO3 photoanode that is able to drive

11
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water splitting without integrated photovoltaic components nor an external bias

and present a photoelectrochemical and macroscopic photovoltage Kelvin probe

study. In addition, we demonstrate the fabrication of isolated NaTaO3 single

crystals and perform a KPFM studies on it with high lateral resolution. Finally,

in chapter 7 we present and discuss the KPFM results obtained on our NaTaO3

photoelectrodes. To be able to draw quantitative conclusions with respect to the

work function and photovoltage variation on NaTaO3 we make a variation of the

model developed in chapter 4.
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Chapter 2

Two competing interpretations of Kelvin probe

force microscopy on semiconductors put to test∗

abstract - Kelvin probe force microscopy (KPFM) is a popular tool for studying

properties of semiconductors. However, the interpretation of its results is com-

plicated by the possibility of so-called band bending and the presence of surface

charges. In this work we study two different interpretations for KPFM on semi-

conductors: the contact potential difference (CPD) interpretation, which inter-

prets the measured potential as the work function difference between the sample

and the probe, and a newer, alternative, interpretation proposed by Baumgart,

Helm and Schmidt (BHS). By performing model calculations we demonstrate

that these models generally lead to very different results. Hence it is important

to decide which one is correct. We demonstrate that BHS predictions for the

Kelvin voltage difference between the p and n parts of a pn-junction are incon-

sistent with a set of experimental results from the literature. In addition, the

BHS interpretation predicts an independence from the probe material as well as

from surface treatments, which we both find to disagree with experiment. On

the other hand, we present a theoretical argument for the validity of the CPD

interpretation and we show that the CPD interpretation is able to accommodate

all of these experimental results. Thus we posit that the BHS interpretation is

generally not suitable for the analysis of KPFM on semiconductors and that the

CPD interpretation should be used instead.

∗The contents of this chapter have been published: L. Polak, and R. J. Wijngaarden, Phys. Rev.

B 93, 195320 (2016)

13



2.1. Introduction

2.1 Introduction

Kelvin probe force microscopy (KPFM) is an advanced atomic force microscope

(AFM) method that enables the study of electrical properties of a sample with

high lateral resolution. For semiconductor samples, these properties include the

dopant density, density of surface states, surface charge density, band bending

and the work function [45–52]. In combination with sample illumination tech-

niques, properties such as the bandgap, carrier diffusion length, and recombina-

tion rate can be obtained [44, 53, 54]. The importance of KPFM is reflected in

its application in a broad range of popular material science topics, such as new

photovoltaic materials [55–58], two-dimensional materials [59–62], nanowires

[63–65], topological insulators [66], plasmonic structures [67, 68], and photo-

catalytic systems [69, 70]. Reviews of KPFM and its applications can, e.g., be

found in Refs. [71, 72].

Like the classic vibrating Kelvin probe, the quantity measured with KPFM

is generally interpreted as the contact potential difference (CPD) [40, 71, 72].

In the case of semiconductors, the situation is complicated by the possibility of

band banding near the surface and the possible presence of surface charges. Ap-

plication of the CPD interpretation therefore requires careful consideration of

these effects on the work function [44–50, 73]. However, Baumgart, Helm, and

Schmidt [74–76] proposed an alternative interpretation for KPFM on semicon-

ductors, which we will refer to as the BHS interpretation. As we show below, the

CPD and BHS interpretations are significantly different. Hence, it is important

to determine what the differences between these two interpretations are, and to

what extent they are valid [77]. This is the main purpose of this work.

This article is organized as follows. In the theory section, we introduce the

principles of Kelvin probe measurements, describe the CPD and BHS predic-

tions for pn-junctions, and give the relevant expressions for the semiconductor

modeling. In the methods sections we describe the computational and experi-

mental details. Finally, in the results and discussion section we explore the gen-

eral differences between the BHS and CPD interpretations and test them against

experimental KPFM results.

2.2 Theory

2.2.1 Kelvin probe principles

In KPFM, an AFM probe and sample are electrically connected through a voltage

source that applies an oscillating potential V = VDC+VAC cos ωt. This causes an

oscillation of the electrostatic force per unit area at frequency ω with amplitude

Fω, which is called the first harmonic. KPFM methods can be divided into two
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main categories: amplitude modulation (AM) and frequency modulation (FM).

In closed loop AM-KPFM, VDC is adjusted by a feedback loop to the value VK

that nullifies a signal that is proportional to Fω, i.e.,

Fω|VDC=VK
= 0. (2.1)

In closed loop FM-KPFM a signal is nullified that is approximately proportional

to the amplitude of the first harmonic of the gradient of the electrostatic force

[72, Eq. 2.18], i.e.
∂Fω

∂z

∣∣∣∣
VDC=VK

= 0. (2.2)

Because the subject of this work is the interpretation and modeling of the quan-

tity VK obtained with KPFM on semiconductor samples we now introduce the

theoretical background of the Kelvin voltage and of its interpretation in terms of

the CPD and BHS models.

Upon electric connection of two conducting bodies with different work func-

tions, a potential difference VCPD is generated between their surfaces. The work

function, Φ, of an object is defined as the energy to bring an electron from the

bulk of the object to a position just outside its surface, in the absence of a net

charge on the object and any external electric fields originating from other ob-

jects.† Φ can vary over the surface of an object with homogeneous bulk proper-

ties, because it contains contributions from potential drops at the surface, such

as the band bending potential at the semiconductor surface.

To enable a simple theoretical discussion of KPFM measurements, we reduce

the problem to one dimension. In this simplified configuration, the connected

KPFM probe and sample are positioned opposite each other and form a parallel

plate capacitor. Also, in this approximation, each has a single work function.

Hence,

VCPD ≡ (Φs − Φp)/e, (2.3)

where e is the positive elementary charge and Φs and Φp are the sample and

probe work function, respectively.

First we consider the case of ideal conductors with surface properties that

are independent of any applied potentials. In this case the charge on each body

is proportional to the total potential difference. We define the feedback voltage

positive when a positive voltage is applied to the sample with respect to the

probe. The total net charge per unit area is then

σs = C (V − VCPD) . (2.4)

†In the publication [78] corresponding to this chapter, we used the symbol W for the work

function. Here we use Φ instead, to obtain uniformity throughout the thesis.
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The proportionality constant C is the capacitance per unit area. At a plate dis-

tance z, C = ε/z and the electrostatic force per unit area is

F =
σ2
s

2ε
, (2.5)

where ε is the permittivity of the medium in the gap. The first harmonic is then

equal to

Fω =
ε

z2
(VDC − VCPD)VAC. (2.6)

Clearly, in this ideal case we see from Eqs. (2.1) and (2.2) that both AM- and

FM-KPFM methods lead to

VK = VCPD, (2.7)

which is the CPD interpretation of VK . In the three-dimensional KPFM geome-

try, this corresponds to interpreting the measured potential as an approximation

for the difference between the work function in a small area of the sample di-

rectly underneath the tip and the work function of the tip apex of the probe.

In the case of a semiconducting sample (still probed with a metallic probe),

the situation becomes more complicated. It is the main purpose of this paper

to evaluate how KPFM results for this configuration should be interpreted. One

main complication of a semiconducting sample is that electrical fields penetrate

the sample and influence the charge distribution inside the sample. Equivalently,

the conduction- and valence-bands of the semiconductor are generally at a dif-

ferent position close to the surface as compared with the bulk, which is the well-

known band-bending at semiconducting surfaces [44]. As discussed in more

detail below, the surface band bending changes the total potential difference be-

tween the surfaces of the two bodies. Hence, σs is not simply proportional to

the sum of the applied potential and the work function difference, as in (2.4).

Instead, the charge-voltage relation can be described with a voltage dependent

capacitance per unit area, C(V ), as

σs =

∫ V

VCPD

C(V ′)dV ′. (2.8)

As a result, Eq. (2.7) might not be valid for semiconducting samples and hence

the CPD interpretation might be wrong. However, we now present a theoretical

argument for its validity.

The electrostatic force for a voltage dependent capacitance can still be writ-

ten as in Eq. (2.5) [79]. Combining this expression with Eq. (2.8) it is clear

that without modulation of the potential, i.e. VAC = 0, F will be zero when

V = VDC = VCPD. However, this does not necessarily mean that with modula-

tion Fω will be nullified by VDC = VCPD. To solve this issue we use a similar

approximation as was used by Hudlet et al. [79]. We make a first order Taylor
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expansion of F (V ) around VDC and take the term proportional to cos ωt as an

approximation for Fω. This leads to

Fω ≈ VAC
∂F

∂V

∣∣∣∣
V=VDC

. (2.9)

With (2.5) and (2.8) this becomes

Fω ≈
VAC

2ε

∂

∂V

(∫ V

VCPD

C(V )dV

)2
∣∣∣∣∣
V=VDC

=
VAC

ε
(I (VDC)− I (VCPD))C (VDC) , (2.10)

where I(V ) is the antiderivative of C(V ). Because C(V ) is always positive, I is

a monotonically increasing function. Hence, this approximation for Fω is only

nullified by VDC = VCPD. This indicates that the CPD interpretation given by

Eq. (2.7) is (despite a voltage dependence of C) valid for KPFM on semicon-

ductors. For FM-KPFM, there is just a ∂/∂z added in front of Eq. (2.9), see

Eq. (2.2). Therefore, with the same reasoning, Eq. (2.7) would also be valid for

FM-KPFM.

In principle, higher order contributions to Fω can shift VK from VCPD, but

this can be avoided by keeping VAC small. A more precise analysis of this ef-

fect requires careful consideration of the frequency dependent dynamics of the

surface state charge and the space charge layer, which is outside the scope of the

present work.

Baumgart et al. [74–76] argued that the CPD interpretation is invalid for

semiconductors and proposed the alternative BHS interpretation. To further

investigate the merits of both interpretations, we evaluate them for a well de-

fined situation: the potential difference ∆VK between the p- and n-sides of pn-

homojunctions as measured by KPFM:

∆VK ≡ VK,p − VK,n, (2.11)

where the subscripts p and n indicate that the values are evaluated on the p- and

n-type areas, respectively. In the next two subsections we calculate ∆VK for the

CPD and BHS interpretations.

2.2.2 pn-junctions in the CPD interpretation

According to the CPD interpretation:

e∆V CPD
K = Φs,p − Φs,n, (2.12)

which is clearly independent of the probe work function. Therefore, we only

need to consider the semiconductor work function in the modeling.
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Figure 2.1: Energy diagram of a semiconductor with (a) a nonzero net charge and

(b) a zero net charge. Note that the work function Φs and the related quantity Φ̃s

are defined in the uncharged condition.

Fig. 2.1 shows schematic energy level diagrams of a p-type semiconductor

with bulk at the l.h.s. and surface at the r.h.s. in the diagrams. Diagram (a)

corresponds to a nonzero net charge and (b) to a zero net charge on the semi-

conductor. As is usual in such energy diagrams, the electron energy increases

towards the top of the figure, hence electric potential increases towards the bot-

tom. EF is the Fermi level in the semiconductor and Ev and Ec are the valence

and conduction band energies in the bulk of the semiconductor, respectively. In

the presence of surface charges or an external electric field, a so-called space

charge region with non-zero net charge forms in the semiconductor just below

the surface. This results in a potential difference, Vs, between the bulk and the

surface of the semiconductor, which is called the band bending potential. In

addition to the band bending, there is usually a potential step φs at the surface

of the semiconductor due to a fixed dipole layer on the surface, which can be

caused by surface termination or a molecular layer adhered to the surface. We

will assume that φs is independent of any external electric fields and also that it

is equal for the p- and n-side of the pn-junction. El is the local vacuum level,

defined (following Marshak [80]) as the energy of an electron at a given point

if it were at rest and free from the microscopic potentials of the crystal atomic

lattice, but not free from the macroscopic potentials, such as those generated at

surfaces or interfaces. The bulk electron affinity, χ, is defined here as the energy

required to bring an electron from the conduction band Ec to the local vacuum

level in the bulk of the material.

In Fig. 2.1(b) the semiconductor has zero net charge, but there is still a band

bending. This means that there is charge in the space charge region, which is

compensated by surface charges. We label the band bending potential in this
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uncharged situation with V 0
s . For this zero net charge case, the work function Φs

is the energy to bring an electron from the Fermi level, EF , to the local vacuum

level El outside the semiconductor. This leads to Φs = Ec−EF +χ−eφs−eV 0
s

(note that in the figure V 0
s is positive, while φs is negative). We define

Φ̃s = Ec − EF − eV 0
s , (2.13)

which is the energy difference between the Fermi level and the conduction band

at the surface. Since it is assumed that the fixed surface dipole layer, φs is equal

on both sides of the pn-junction, the CPD interpretation for ∆VK on the pn-

junctions (2.12) becomes

e∆V CPD
K =Φ̃s,p − Φ̃s,n. (2.14)

Hence, ∆VK can be obtained from the positions of the conduction band level in

the bulk with respect to the Fermi level, and V 0
s .

2.2.3 pn-junctions in the BHS interpretation

We quote the main part of the argument for the BHS model for KPFM on semi-

conductors from [74] “In order to minimize the electrostatic force Fel onto the

probe, the asymmetric electric-dipole layer has to be removed. This is achieved

by injecting majority charge carriers into the surface region in order to screen

the unscreened immobile ionized dopant atoms. The charge neutrality condition

is only fulfilled when surface states discharge simultaneously.” Supposedly, on

n-type semiconductors this is achieved by applying a potential equal to [76, p.

40-41]

eV BHS
K = Ec − EF (n-type) (2.15)

and on p-type

eV BHS
K = Ev − EF (p-type). (2.16)

In addition, they expect a sample specific potential offset that is, according to

Baumgart et al. [74], independent of the work function of the probe. As a re-

sult, this interpretation predicts that VK is independent of the probe work func-

tion, which directly contradicts the CPD interpretation (Eq. (2.7) with Eq. (2.3)),

which depends linearly on the probe work function.

Direct application of Eqs. (2.15) and (2.16) would result in negative values

for ∆VK , while in Refs. [74–76] they state only positive values. This is achieved

by taking absolute values as described in Ref. [76, p. 44]. The resulting expres-

sion can be written as

e∆V BHS
K = Ec,n − Ev,p. (2.17)

We note that, a priori, there appear to be some issues with the BHS model.

In the one-dimensional description, even an asymmetric dipole layer at the semi-

conductor surface does not cause an electrostatic force. Hence, the argument,
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that the dipole layer has to be removed in order to minimize the electrostatic

force, seems to be invalid, unless taking into account the real geometry some-

how justifies this assumption. At the same time, they state as a second condition

that charge neutrality has to be fulfilled, which is also the condition underlying

the CPD interpretation. However, it is unclear how these two conditions are met

simultaneously by Eqs. (2.15) and (2.16). In addition, they apparently neglect

the ’bulk work function difference’, i.e. the work function difference minus the

surface contributions, but do not mention why this is allowed. On the other hand,

the BHS model seems to work well for the experiments analyzed by Baumgart

et al. [74–76], hence it is important to further discuss and test its validity, which

we do below.

2.2.4 Semiconductor modeling

To predict ∆VK , we need to find the position of the band edges in the bulk

with respect to the Fermi level (for CPD and BHS) and the zero net charge band

bending potential V 0
s (for CPD only).

For a non-degenerate n-type semiconductor, the position of the band edges

in the bulk with respect to the Fermi level can be approximated by solving [81]

Ncexp

(
−
Ec − EF

kT

)
≈

ND

1 + gDexp[(EF − ED)/kT ]
, (2.18)

where Nc is the effective density of states in the conduction band, ND is the

donor concentration, ED is the donor level energy and gD is the ground state

degeneracy of the donor level. A similar expression can be used for a p-type

semiconductor.

The zero net charge band bending potential, V 0
s , is the value of Vs for which

the total net charge on the semiconductor is zero, i.e. σs = 0. σs is the sum of

the net charge in the space charge layer σsc and the surface charges. Two types

of surface charge densities can be distinguished: a surface state charge density,

σss, which depends on the energy between the Fermi level and the band edges at

the surface, and a fixed surface charge density, σsf . Thus

σs = σsc + σss + σsf . (2.19)

For simplicity, we will only use models with either surface states or fixed surface

charge, not both at the same time. To be able to do calculations, expressions for

the three contributions to σs are needed. In the remainder of this sub-section we

discuss these contributions.

We start with the dependence of the space charge density σsc on the band

bending potential Vs. The relation between Vs and σsc for a p-type semiconduc-

tor can be approximated by [81]

σsc = −sgn [Vs]
√
2εsNAkTG(Vs), (2.20)
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where εs is the permittivity of the semiconductor, NA is the acceptor concentra-

tion, k is the Boltzmann constant, T is the temperature, and

G =

√
exp[−βVs] + βVs − 1 +

ne

nh
(exp[βVs]− βVs − 1), (2.21)

where β = e/kT , and, respectively, ne and nh are the equilibrium electron and

hole carrier densities in the bulk. In addition, for non-degenerate p-type semicon-

ductors one can use the approximation ne/nh ≈ n2
i /N

2
A, where ni is the intrinsic

carrier density. Similar expressions can be used for a n-type semiconductor.

Now we discuss the dependence of the variable surface state charge density

σss on the band bending potential Vs. Surface states can be donor or acceptor

type. Just as the states in the conduction and valence band near the surface, they

are shifted by band bending. According to Fermi-Dirac statistics, the charge in

acceptor surface states can be written as

σA
ss =

∫ Ec

Ev

−enA
ss(E)

1 + exp[(E − EF − eVs)/kT ]
dE. (2.22)

where nA
ss(E) is the acceptor density of surface states (DOSS) (per unit area

and energy) in case of zero band bending, ignoring surface state degeneracy.

A similar expression can be used for donor surface states. We will label the

combination of donor and acceptor DOSS with nss(E) and the total number of

surface states with Nss.

On atomically clean Si, the total number of states Nss can be on the order

of the density of surface atoms [82], i.e. 1015 cm−2, while on hydrogen termi-

nated Si surfaces it can be as low as 1010 cm−2 [83]. Significant variations in the

functional dependence nss(E) on Si have been reported [84]. Often, it is con-

sidered to have a U-shape, with acceptor states above and donor states below the

minimum density [83, 84]. However, Gaussian [45, 85], Lorentzian [50], delta

[44, 86] and constant [87] functions have also been considered.

To capture the main phenomenology of nss (E), we consider three types of

DOSS: U-shaped, constant and double Gaussian densities. Fig. 2.2(a) shows ex-

amples of the U-shaped (solid lines) and constant (dotted lines) densities. These

consist of donor states in the lower half of the bandgap and of acceptor states in

the upper half. The U-shaped densities were chosen similar to those presented

in Ref. [83] for Si/SiO2 interfaces with various surface treatments (in particular,

for these curves we used nss(E) = α exp[(E − β)2/γ] + δ). Fig. 2.2(b) shows

examples of the double Gaussian densities, which have 0.04 eV standard devia-

tion and are centered at Eg/2± 0.1 eV (solid lines) and Eg/2± 0.2 eV (dotted

lines). The Gaussian densities centered below Eg/2 represent donor states, while

those centered above Eg/2 represent acceptor states. In the region close to the

center of the bandgap the Gaussian densities are similar to the results obtained
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Figure 2.2: Model densities of surface states, nss(E), used in Eq. (2.22). (a)

U-shaped (solid lines) and constant (dotted lines) densities consisting of donor

states in the lower half of the bandgap and of acceptor states in the upper half.

(b) Double Gaussian densities, which have 0.04 eV standard deviation and are

centered at Eg/2 ± 0.1 eV (solid lines) and Eg/2 ± 0.2 eV (dotted lines). The

Gaussians centered below Eg/2 consists of donor states and the Gaussians cen-

tered above Eg/2 consists of acceptor states. The constant and Gaussian den-

sities in blue, red, orange, purple and green (from the left to right) correspond,

respectively, to Nss = 1011, 1012, 1013, 1014 and 1015 cm−2. The U-shaped den-

sities have the same nss at Eg/2 as the constant densities with the same color,

but higher Nss.

by Angermann [88] on an HF etched Si surface. Due to the symmetry of these

DOSS models, σss will be zero when, at the surface, the Fermi level is in the

center of the gap.

Finally, we will discuss the fixed surface charge density σsf . Fixed surface

charge is known to intrinsically exist at the Si/SiO2 interface and to depend on

specific sample treatments [89]. In addition, ions from the environment can de-
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posit on the surface during sample preparation or during measurements [73, 90].

In an experiment the value of σsf is therefore often unknown. Negative fixed

surface charge densities are not often considered, but for completeness we will

also consider this possibility. Deposited ions can penetrate the native SiO present

on the Si surface or remain on top of it. In our analysis below, however, we will

neglect a possible distance between the Si surface and fixed surface charges.

2.3 Methods

2.3.1 Computational methods

Our calculations according to the BHS interpretation, given by Eqs. (2.15) to

(2.17), only require knowledge of the position of the band edges in the bulk with

respect to the Fermi level. This is calculated by numerically solving Eq. (2.18).

Calculations according to the CPD interpretation additionally require computa-

tion of V 0
s . This is done by taking a model DOSS, nss(E), or a fixed surface

charge, σsf , and numerically solving σs = 0 for Vs, using Eqs. (2.19) to (2.22).

We consider five surface models for fitting the CPD interpretation to experi-

mental ∆VK obtained on Si pn-junctions: a constant nss(E) with acceptor states

in the upper half of the bandgap and donor states in the lower half (labeled here-

after as ‘constant’), a nss(E) with Gaussian distributed acceptor and donor states

centered, respectively, at µ = Eg/2± 0.1 eV and standard deviation of 0.04 eV

(labeled ‘Gauss1’), a nss(E) with Gaussian distributed acceptor and donor states

centered, respectively, at µ = Eg/2± 0.2 and also standard deviation of 0.04 eV

(labeled ‘Gauss2’), a positive σsf (labeled ‘σsf > 0’) and a negative σsf (la-

beled ‘σsf < 0’). We assume that the DOSS or fixed surface charge is the same

on both sides of the pn-junctions. For a given set of Si bulk parameters, the re-

maining fit parameter for the Gaussian and constant DOSS models is then Nss

and for the fixed surface charge models it is σsf . Fitting was performed through

iterative adjustment of the fit parameter, until the calculated ∆VK was within 1

mV of the experimental value. We have not used the U-shaped DOSSs for fitting

to experimental results, because, as shown below, its results are very similar to a

constant DOSS, which is more simple to use.

For the fixed Si parameters, we use the values from Ref. [81]. These are:

εs = 1.05 × 10−10 F/m, Eg = 1.12 eV, Nv = 2.65 × 1019 cm−3, Nc = 2.8 ×
1019 cm−3, ni = 9.65× 109 cm−3, gD = 2, gA = 4, ED(P) = Ev + 1.075 eV,

ED(As) = Ev+1.066 eV, and EA(B) = Ev+0.045 eV. In addition, we assume

T = 293 K.
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2.3.2 Experimental methods

According to the BHS model, given by Eq. (2.15) and (2.16), VK does not depend

on the probe work function. To test this, we performed KPFM measurements in

air with a Multimode 8 SPM with Nanoscope V controller and Signal Access

Module (SAM) (Bruker) with four different probes on p-Si, n-Si, and Au. For

each scan line the topography was first determined with standard tapping mode

using amplitude feedback and then retraced with an offset (lift height) of 100 nm

while performing closed loop AM-KPFM with excitation at the resonance fre-

quency. Crosstalk was removed by external wiring of the excitation signal [91].

The measurements were performed in dark, except for the laser beam used for

detecting the probe deflection (1 mW, maximum at 690 nm). This beam illumi-

nates the probe from the back side, such that the sample area close to the tip of

the probe is shaded from direct illumination.

Si samples were cut from a single side polished p-type <100> wafer with

5× 1015 cm−3 B dopant concentration and a single side polished n-type <100>
wafer with 1× 1015 cm−3 P dopant concentration. Before cutting, proper elec-

tric contact was created on the unpolished side of the wafers. This was done

by first removing the native oxide layer through immersion in 1% aqueous HF,

followed by a quick rinse with demineralized (DI) water and drying under nitro-

gen flow, and then depositing 500 nm Al. On the n-type wafer the contact side

was additionally n+ doped prior to Al deposition. After making the contacts, the

wafers were immersed in 1% aqueous HF for 10 s, quickly rinsed with DI water,

dried under nitrogen flow, and then stored in air.

The Au sample was created by magnetron sputtering 100 nm of Au on glass.

As probes we used a gold coated probe (HQ:NSC14/Cr-Au, Micromasch), a PtIr

coated probe (SCMPIT, Bruker), a TiN coated probe (FMG01/TiN, NT-MDT)

and a special KPFM probe, which consists of a silicon tip on a silicon nitride can-

tilever with proprietary reflective (and conductive) back side coating(PFQNE-

AL, Bruker).

After every two scans the probe was changed and the next probe was put

in the same location with roughly 50 µm accuracy, using an optical microscope

with top view. When each probe had been installed and used for taking two scans

twice, the next sample was installed and the procedure was repeated. On the p-Si

sample measurements were performed on two different spots.

2.4 Results and discussion

2.4.1 Comparing the BHS and CPD interpretation

In this section we study predictions of the BHS and CPD interpretation accord-

ing to the semiconductor models described in section 2.2.4 for a wide range of
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Figure 2.3: Variation of VK as a function of dopant concentration according to

the BHS interpretation. The circle and star are described in the text as an example

pn-junction.

dopant concentrations.

Fig. 2.3 shows the variation of VK on Si as a function of dopant concentration

according to the BHS interpretation.‡ The dotted line corresponds to n-type P-

doped Si and the dashed line to p-type B-doped Si. The expected value of ∆VK

for any Si pn-junction can be read from Fig. 2.3. For example, consider a Si

pn-junction with NA(B)= 1.27 × 1018 cm−3 and ND(P)= 1.49 × 1016 cm−3.

The values of VK on the p-type and n-type side are −90 mV and 191 mV and

are indicated in Fig. 2.3 with a star and circle, respectively. Hence, the predicted

|∆VK | is 281 mV. Interestingly, from Fig. 2.3, the BHS interpretation predicts a

general trend of decreasing ∆VK with increasing dopant concentrations.

In the CPD interpretation ∆VK can conveniently be expressed in terms of

Φ̃s, see eq. (2.14), hence we present the results of our calculations in terms of

this quantity. Fig. 2.4(a) and (b) show Φ̃s as a function of dopant concentration,

calculated for Si with σsf = 0 and the various model DOSSs shown in Fig.

2.2(a) and (b), respectively, using identical line colors and types. The lower half

of each sub-figure corresponds to n-type P-doped Si and the upper half to p-

type B-doped Si. The black dashed lines correspond to zero band bending, i.e.

Vs = 0, which is the case when there are no surface states.

For each DOSS shown in Fig. 2.2, the expected value of ∆VK for any Si pn-

junction can read from Fig. 2.4 using Eq. (2.14). For example, consider again

the same Si pn-junction as above. Assuming a DOSS equal to the solid red line

in Fig. 2.2(b), which has Nss = 1012 cm−2, the values of Φ̃s on the p-type and

n-type side are 946 meV and 501 meV and indicated in Fig. 2.4(b) with a red star

‡Fig. 2.3 is similar to the schematic diagram shown by Baumgart [76, Fig. 5.7].
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Figure 2.4: Φ̃s as a function of dopant concentration, calculated for Si with

σsf ≡ 0 and several different surface state distributions, nss(E). The lines in

the upper half of each figure correspond to B-doped p-type Si and the lines in the

lower half to P-doped n-type Si. The black dashed lines correspond to zero nss

and, hence, Vs = 0. The other results in (a) and (b) correspond respectively to

the nss shown in Fig. 2.2(a) and (b) with the same color and linestyle. The ex-

pected value of ∆VK in the CPD interpretation for any Si pn-junction with these

nss can be obtained from this data using Eq. (2.14). The black and red circles

and stars in (b) are described in the text as an example pn-junction.

and circle, respectively. Hence, the predicted ∆VK is 445 mV. In case of absence

of surface states and fixed surface charge there would be zero band bending and

Φ̃s of the p-type and n-type side would lie on the black dashed lines as indicated

by the black star and circle, respectively. In this case, the predicted ∆VK would

be 839 mV.

In a naive approach to the CPD interpretation, the band bending could be

ignored, which corresponds to using the black dashed lines in Fig. 2.4. Our

calculations show for which range of parameters band bending is significant
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and, hence, where this naive approach fails. It clearly fails where Φ̃s is close

to the Eg/2 and approximately independent of the doping concentration. This

regime corresponds to the type of Fermi level pinning that was first suggested

by Bardeen [87], where V 0
s can be approximated by the value of Vs at which

σss = 0 (instead of σs = 0). For our symmetric model DOSSs this leads to

Φ̃s = Eg/2.

Fig. 2.5 shows Φ̃s as a function of dopant concentration, calculated for Si

with positive fixed surface charge densities between σsf/e = 1010 cm−2 and

1014 cm−2. Subfigure (a) corresponds to p-type B-doped Si and (b) to n-type P-

doped Si. The black dashed lines correspond again to zero band bending, which

is the case when there is no fixed surface charge. Clearly, Vs is positive for these

surface charges. Negative fixed surface charge densities lead to similar results,

but with opposite sign of Vs and p- and n-type reversed.

From Fig. 2.5 it is clear that a fixed surface charge density can have a dra-

matic influence on the work function and, therefore, also on ∆VK . To illustrate

this, we consider again the same pn-junction as above. For σsf/e = 1012 cm−2,

indicated with an orange circle and star, we obtain ∆VK = 944 mV, while

for σsf/e = 1013 cm−2, indicated with a purple circle and star, we obtain

∆VK = 12 mV, which is dramatically smaller. However, it should be noted

that these calculations are less accurate for Φ̃s < 0 and Φ̃s > Eg, because then

the Boltzmann statistics assumed in Eqs. (2.18) and (2.20) is less accurate. This

is the case in the example with σsf/e = 1013 cm−2, where Φ̃s < 0 on both the p-

and the n-side. Nevertheless, on both sides the Fermi level can be expected to be

slightly above the conduction band edge at the surface, i.e. Φ̃s is slightly below

zero, and thus ∆VK can be expected to be very small. Hence, the conclusion that

∆VK is much smaller for σsf/e = 1013 cm−2 than for σsf/e = 1012 cm−2 still

holds.

From these calculations it is clear that the CPD interpretation with our model

DOSSs or a fixed surface charge density generally gives results that are signifi-

cantly different from the BHS interpretation. The trend of decreasing ∆VK for

increasing dopant concentration found for the BHS interpretation is reversed in

the case of the CPD interpretation with a DOSS. (In the case of a fixed surface

charge density, the situation is more complicated.) As a result, it is not possi-

ble that both interpretations are correct and therefore it is important to settle this

issue. In the next section we compare both interpretations with experiment.

2.4.2 Testing the BHS interpretation against experiment

We stress that the BHS interpretation does not depend on surface properties. As a

result, when the dopant concentrations of a Si pn-junction sample are given, there

are no free parameters and the model directly predicts ∆VK . Although this is a

very powerful feature, the observation of any deviation between predictions and
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Figure 2.5: Φ̃s as a function of dopant concentration, calculated for Si with nss ≡
0 and σsf/e = 1010, 1011, 1012,1013 and 1014 cm−2 in blue, red, orange, purple

and green (from top to bottom), respectively. The lines in (a) correspond to B-

doped p-type Si and the lines in (b) to P-doped n-type Si. The black dashed lines

correspond to zero σsf and, hence, Vs = 0.

experimental results would directly indicate that the interpretation is not correct.

Therefore, to test the BHS interpretation, we now compare its predictions to

experiments.

Table 2.1 lists ten experimental values of ∆VK obtained on Si pn-junctions.

The first column gives the corresponding references and second column labels

each case for future reference. The third and fourth column state the dopant

concentrations and dopant types of the two sides of the pn-junction. The fifth

column lists the experimental values of ∆VK and the sixth column the values we

find using the BHS interpretation. Cases (i) to (iv) come from the work of Baum-

gart et al. [74] and demonstrate that the BHS interpretation can predict results

that agree with experiment. However, in cases (v) to (x) we find a significant

discrepancy between the predictions and the experimental results. Apparently,
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Table 2.1: Four KPFM experiments on Si pn-junctions from Baumgart et al.

[74] and six from other references. From left to right, the columns give the

reference, a case label, the reported dopant concentrations, experimental ∆VK

and the predictions for ∆VK by the BHS interpretation. Note that the BHS

predictions for case (v) to (x) deviate significantly from the experimental values.

Ref. case NA[cm−3] ND[cm−3] ∆V
exp
K [V ] ∆V BHS

K [V]

[74] (i) 2× 1016(B) 2× 1017(P) 0.30 0.309

[74] (ii) 2× 1016(B) 2× 1020(As) 0.20 0.194

[74] (iii) 4.7× 1016(B) 1.4× 1015(P) 0.44 0.411

[74] (iv) 1× 1015(B) 6.5× 1015(P) 0.47 0.469

[46] (v) 1.8× 1015(B) 2.1× 1020(As) 0.69 0.254

[49] (vi) 5× 1014(B) 2× 1020(As)§ 0.23 0.287

[49] (vii) 5× 1014(B) 2× 1020(As)§ 0.02¶ 0.287

[50] (viii) 1× 1019(B) 3.5× 1015(P) 0.07 0.284

[50] (ix) 5× 1018(B) 3.5× 1015(P) 0.05 0.294

[50] (x) 1× 1018(B) 3.5× 1015(P) 0.03 0.321

§ ND was extrapolated from Fig. 9 and the given ∆VK in Ref. [49].
¶ ∆VK was estimated from Fig. 6(c). in Ref. [49]

the BHS interpretation is not valid for these cases.

In addition to the erroneous predictions for cases (v) to (x), we identify a

more general incorrect behavior of the BHS interpretation. Although the BHS

authors mention the importance of surface states, the prediction for a certain

dopant concentration does not depend on the amount of surface states or fixed

surface charge. For a given pn-junction the BHS model therefore predicts a

single ∆VK , independent of surface treatment. However, different ∆VK values

for different surface treatments have been reported [49, 92]. Cases (vi) and (vii)

constitute an example of this. These two cases correspond to samples that have

identical pn-junctions, as far as dopant concentrations are concerned, but in case

(vi) the sample was dipped in HF and not thermally oxidized, while in case (vii)

the sample was thermally oxidized and not dipped in HF. The rather different

value for ∆VK measured on these two samples cannot be accounted for by the

BHS interpretation.

Finally, we present evidence that the BHS prediction that KPFM potentials

measured on semiconductors should be independent on the probe work function,

see Eqs. (2.15) and (2.16), is incorrect. This claim is in apparent agreement
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Figure 2.6: VK measured with AM-KPFM on different samples with different

probes, as indicated in the legend and explained in the text.

with the similar results‖ they obtained with two highly doped p-type and n-type

probes, which presumably have significantly different work functions. However,

we experimentally investigated the probe work function independence for a num-

ber of different probes on differently doped Si samples and on Au, and found a

clear and reproducible dependence on the probe material, see Fig. 2.6. Each

point in this figure is the mean of four 0.5 × 2 µm raster scans of 32 lines with

128 pixels. It is generally accepted that in KPFM with a metallic sample and

probe, VK is equal to the difference in the work functions of the sample and the

probe [40, 71, 72]. Hence, the very similar probe dependence obtained on Au

and Si strongly suggests that also on Si KPFM measurements are dependent on

the probe work function. This is in accordance with the CPD interpretation and

not with the BHS interpretation. We speculate that the nearly identical results

obtained with highly doped p-type and n-type probes by Baumgart et al. were

caused by a very high density of surface states at the tip apex, which, through

Fermi level pinning, can lead to nearly identical work functions [87].

The incorrect predictions of the BHS interpretation described in this section

lead us to conclude that it is not universally valid for the interpretation of KPFM

data obtained on semiconductors. In the next section, we give support for the

correctness of the CPD interpretation and argue that it should be used instead.

‖We note that in [74, Fig. 5] the curves for the p- and n- type probe practically overlap, but in

[76, Fig. 6.15(a)] they are shifted by about 150 mV.
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2.4.3 Testing the CPD interpretation against experiment

To obtain ∆VK from the CPD interpretation, one needs to know the DOSS and

the fixed surface charge density. Since these are generally unknown and difficult

to measure, we fit the CPD interpretation with the five surface charge models

described in section 2.3 to all experimental results listed in Table 2.1. Although

this disables a stringent test of the CPD interpretation, it turns out that this still

gives constraints, due to the fact that the fit parameter of these models (the total

surface state density Nss for the DOSS models and fixed surface charge density

σsf for the fixed surface charge models) must be of reasonable value (to be dis-

cussed below). More importantly, our purpose here is not to subject the CPD

interpretation to scrutiny, but rather to demonstrate that in contrast to the BHS

interpretation the CPD interpretation is capable of accommodating the experi-

mental observations discussed in the previous section.

The values of the fit parameters that reproduce the experimental ∆VK values

listed in Table 2.1 to 1 mV precision are presented in Fig. 2.7. We also calculated

the sensitivity of the fit parameters by fitting them to the experimental values

±5 mV. It was found that the resulting range falls within the symbols plotted

in Fig. 2.7. Due to the complicated behavior of the Φ̃s in the fixed surface

charge models, there can be multiple solutions σsf that reproduce a certain value

of ∆VK . However, we checked that within the range 1010 cm−2 > |σsf/e| >
1014 cm−2 there is only one solution for each case.

We consider values of Nss and σsf/e below 1013 cm−2 to be reasonable,

see [83, 89]. Higher values are increasingly unlikely with increasing density.

Although the actual samples were possibly rough, surface state densities above

the density of surface atoms (∼ 1015 cm−2) are very unlikely for Si surfaces that

have been exposed to air. As a result, the main conclusion from Fig. 2.7 is that all

cases can be fit with a reasonable value of the fit parameter by at least one model.

This demonstrates that the CPD interpretation is capable of accommodating the

experimental observations discussed in the previous section. We will now use

these fit results to draw some conclusions with respect to the validity of the five

surface models for the individual cases.

Case (i) can be fit with all five models with reasonable fit parameter values

(i.e. below 1013 cm−2), while for case (ii) only the fixed positive surface charge

model leads to reasonable values; the other models lead to rather high densi-

ties. The experimental ∆VK values of case (i) and (ii) are obtained from a single

KPFM scan on a single sample with multiple pn-junctions. Hence, these junc-

tions have undergone similar surface treatments, suggesting that their surface

state density or fixed surface charge should be similar. Therefore, since only the

fixed positive surface charge model gives nearly identical fit results it is the most

likely for both cases. In addition, in case (ii) all other models lead to very high

parameter values.
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Figure 2.7: Fit parameter values obtained by fitting the CPD interpretation to the

experimental ∆VK listed in Table 2.1 to within 1 mV. The legend indicates the

corresponding surface charge model. The models and their labeling are described

in section 2.3.1.

As discussed in the previous section, cases (vi) and (vii) correspond to sam-

ples that have identical pn-junctions, as far as dopant concentrations are con-

cerned, but which have undergone different surface treatments. In contrast to the

BHS interpretation, the CPD interpretation can accommodate different obtained

∆VK by a different band bending Vs, resulting from a different Nss or σsf .

Since all models, except the fixed positive surface charge, lead to rather high fit

parameter values for these cases, the most likely explanation for the observed

difference in ∆VK is a higher positive σsf in case (vii) than in case (vi).

Like case (i) and (ii), cases (viii) to (x) correspond to a single Si sample with

several pn-junctions that went through a single preparation process. For these

cases it is therefore again reasonable to assume that the surface state density or

fixed surface charge should be similar. Interestingly, this corresponds well with

the observation that for each model the fit parameter values for these three cases

are very similar. However, the surface state models lead to rather high surface

state densities and are therefore less likely. The negative fixed surface charge

model is the only that leads to densities that are significantly below 1013 cm−2,

but also the positive fixed surface charge model appears to be reasonable.

In the analysis of the experimental results of cases (viii) to (x), Volotsenko

et al. [50] assumed zero band bending, i.e. Vs = 0, on the highest doped p-
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type region, which is the p-side in case (viii). However, in our calculations Vs is

larger than 400 mV in this region in all fitted CPD models, except in the negative

fixed surface charge model, where it is only −9 mV. This suggests that either

the assumption was not justified, or there was a fixed negative surface charge.

Importantly, both conclusions would significantly influence the results of their

further analysis.

Our calculations demonstrate that the CPD interpretation can accommodate

all the results discussed in the previous section, even those for which the BHS

interpretation gives predictions that do not agree with experiment. We have also

shown that, contrary to the BHS interpretation, the CPD interpretation can ac-

commodate different ∆VK measured on identical pn-junctions that have gone

through different surface preparation treatments. And, clearly, the erroneous

BHS prediction that VK is independent of the probe work function is absent in

the CPD interpretation (see Eq. (2.7) and (2.3)). Hence, in agreement with the

theoretical arguments given in section 2.2.1, we posit that the CPD interpretation

is valid for KPFM on semiconductors.

2.5 Conclusions

In this work two different interpretations for KPFM measurements on semicon-

ductors are studied; the CPD interpretation and the BHS interpretation proposed

by Baumgart et al. [74–76]. By performing model calculations we show that

they generally lead to very different results and, thus, that it is important to de-

cide which one should be used.

We show that the BHS interpretation predicts Kelvin potential differences as

obtained by KPFM that are not in agreement with experimental observations on

Si pn-junctions that have been reported in literature. A more general incorrect

prediction is that for a specific doping profile, it predicts a KPFM potential dif-

ference across a pn-junction that is independent of the surface treatment, while

some experimental potential differences reported in the literature are very differ-

ent for different surface treatments. Finally, it predicts that the absolute value of

the measured potential is independent of the probe work function, while our own

KPFM measurements on Si demonstrate a clear dependence on the probe mate-

rial. We find that this dependence is very similar to the dependence obtained on

Au, which suggests that on semiconductors the absolute value of the measured

potential depends on probe work function in the same way as on Au, as predicted

by the CPD interpretation. In addition, we show that the CPD interpretation is

able to accommodate all the discussed experimental results, including those for

which the BHS interpretation gives erroneous predictions.

Based on these findings we posit that the BHS interpretation is not generally

suitable for the analysis of KPFM on semiconductors and that the CPD interpre-
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tation should be used instead.
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Chapter 3

Switching crosstalk on and off in Kelvin probe

force microscopy∗

abstract - In Kelvin Probe Force Microscopy (KPFM) electronic crosstalk can

occur between the excitation signal and probe deflection signal. Here, we demon-

strate how a small modification to our commercial instrument enables us to liter-

ally switch the crosstalk on and off. We study in detail the effect of crosstalk on

open-loop KPFM and compare with closed-loop KPFM. We measure the pure

crosstalk signal and verify that we can correct for it in the data-processing re-

quired for open-loop KPFM. We also demonstrate that open-loop KPFM results

are independent of the frequency and amplitude of the excitation signal, provided

that the influence of crosstalk has been eliminated.

∗The contents of this chapter have been published: L. Polak, S. de Man, and R. J. Wijngaarden,

Rev. Sci. Instr. 85, 046111, (2014)
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3.1 Introduction

Kelvin Probe Force Microscopy (KPFM) is a powerful technique to map surface

potentials on a nanometer scale. Unfortunately, even in commercial instruments,

electronic crosstalk can lead to erroneous results.[93–96] By a small modifica-

tion to our commercial instrument, we are able to switch this cross-talk on and

off, literally by just flicking a switch. Here, we use this possibility to study

the effect of crosstalk on open-loop amplitude modulation KPFM (OL-KPFM)

and compare with closed-loop amplitude modulation KPFM (CL-KPFM). In ad-

dition, we demonstrate the possibility to extract the pure crosstalk-only signal

from the instrument and correct for it in the OL-KPFM data processing.

In CL-KPFM a feedback controller adjusts a DC bias potential, VDC, applied

to the tip or the sample such that it is equal to the local contact potential dif-

ference, VCPD. OL-KPFM is free from this feedback and has been proposed for

application in electrolytes, because the freedom to set VDC enables full electro-

chemical control.[41, 42] Additionally, open-loop schemes have been studied for

application in UHV[97] and air[96, 98], since it allows VDC-dependent studies of

voltage sensitive materials while the absence of feedback could remove feedback

related artifacts.

Artifacts caused by electronic crosstalk and possible remedies have been dis-

cussed in literature for closed loop KPFM schemes.[93–96] It has been suggested

that OL-KPFM would overcome feedback related artifacts, including those caused

by electronic crosstalk.[96] However, we find that such crosstalk can also lead

to significant errors in OL-KPFM. Thus, although OL-KPFM removes artifacts

caused by feedback loop design flaws, it does not remove artifacts caused by

electronic crosstalk. Here we demonstrate that crosstalk can be removed by

rewiring the excitation signal. Although this was demonstrated before for a setup

in UHV[95], some recent works opted for a more complicated active compensa-

tion in air[93], and in UHV[99]. Since rewiring is very effective and, depending

on the set-up, very simple we propose that this solution should be considered

first.

3.2 Theory

Treating the probe-sample system as a capacitance, C, the electrostatic force

due to an excitation potential VDC + VAC cosωt has components oscillating at

frequency ω, the first harmonic, and 2ω, the second harmonic. The amplitudes

of these components can be written as

Fω =
∂C

∂z
(VDC − VCPD)VAC (3.1)
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F2ω =
1

4

∂C

∂z
V 2

AC, (3.2)

where z is the tip-sample distance. OL-KPFM is based on measurement of the

response of the probe to these two force components. The amplitude detected by

a LIA at frequency ω is

Aω = |G (ω)Fω|, (3.3)

where G is the system transfer function, which includes the cantilever transfer

function and the deflection sensitivity. A similar expression holds for A2ω. Thus

VCPD can be calculated by[42]

VCPD = sgn (cosφ)
G (2ω)

G (ω)

Aω

A2ω

VAC

4
, (3.4)

where φ is the phase difference between the detected first harmonic signal and

the excitation signal.

In the presence of crosstalk between the excitation signal and detection cir-

cuit, Eq. (3.3) must be replaced by

Aω =

√
(G (ω)Fω +XCT)

2 + Y 2
CT, (3.5)

where XCT and YCT are, respectively, the in-phase and out-of-phase crosstalk

components, which are VAC and ω-dependent. With crosstalk, Eq. (3.4) will

thus produce erroneous results, that can be expected to depend on ω. Note

that because XCT and YCT are to first order linear in VAC, the VAC-dependency

can be expected to cancel out.† From Eq. (3.5) it also follows that electronic

crosstalk will cause errors in the determination of the ratio of the transfer func-

tions G (2ω) /G (ω) from first harmonic amplitudes, as suggested.[42, 96] The

values for G (2ω) /G (ω) used here have been obtained using the second har-

monic response to excitation at half the frequencies with the SAM switch set to

crosstalk off.

3.3 Material and methods

Measurements were made in air on a KPFM calibration sample (PFKPFM-SMPL,

Bruker), consisting of large aluminum and gold areas on silicon with ∼ 7 µm

gaps in between, using a Multimode 8 SPM with Nanoscope V controller and

Signal Access Module (SAM) (Bruker). A doped silicon probe with a metal-

lic back contact layer (PFQNE-AL, Bruker) with a resonance frequency of 302

kHz was used. Sample topography was measured with Peak Force Tapping

†If XCT and YCT are proportional to VAC, as is Fω , then from Eq. (3.5) Aω is proportional to

VAC. Since A2ω is proportional to V
2

AC, VCPD obtained from Eq. (3.4) is then independent of VAC.
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mode (TM, Bruker).[100] All KPFM measurements were performed at a tip-

sample distance of 100 nm. Potentials were applied to the probe; the sample

was connected to ground. It has been shown that artifacts caused by crosstalk

in CL-KPFM have a strong excitation frequency and Lock-in Amplifier (LIA)

phase dependency.[93, 94] For comparison with OL-KPFM we have included

CL-KPFM results obtained using excitation at the resonance frequency and a

fixed LIA phase. Details of OL-KPFM are described below.

Rewiring of the excitation signal was accomplished by disconnecting the

probe from the system’s original wiring at the probe holder and by connecting

the probe to the excitation signal from the SAM by a shielded external wire.

Although the original wiring of the excitation signal to the probe now does not

make contact to the probe through the probe holder anymore, it can still be used

to generate crosstalk. With a single switch on the SAM it can be switched from

ground to the excitation signal, while in both cases the actual connection to the

probe is made with the external wire. This single switch can then be used to

turn on and off the crosstalk without having to change anything else in the setup,

which makes it very convenient to study the effects of crosstalk. Below, results

obtained with these two different settings of the SAM switch will be referred to

as crosstalk on and crosstalk off.

3.4 Results and discussion

In the absence of any crosstalk Eq. (3.5) is equal to (3.3), and combined with

(3.1) would predict a sharp V-shaped dependence of Aω on VDC with a minimum

equal to zero at VDC = VCPD, while in presence of crosstalk the minimum will be

rounded, equal to |YCT| and shifted away from VDC = VCPD. Our experimental

results, obtained on an aluminum part of the sample, for several different VAC

and ω are shown in Fig. 3.1. The results with the SAM switch set to crosstalk

on and to crosstalk off are shown by dotted and solid lines, respectively. The

rounding and the vertical shift of the minimum due to crosstalk are clearly seen

when the switch is set to crosstalk on. With the switch set to crosstalk off a sharp

V-shaped dependence with a minimum equal to zero is found. This shows that

the YCT-component is eliminated. A remaining XCT-component would cause

a shift of the horizontal position of the minimum. Since the minima all occur

at equal VDC, independent of the amplitude and frequency, we conjecture that

XCT = 0. This justifies the use of the labels crosstalk on and crosstalk off.

The way in which crosstalk is removed by rewiring, implies that it occurs

somewhere between the output of the SAM and the connection to the probe

holder. Thus, the pure crosstalk-only signal can be measured by applying the

excitation signal to the system’s original wiring while having the probe isolated.

In our set-up this is done by disconnecting the external shielded wire from the
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Figure 3.1: The amplitude Aω measured on aluminum (a) as a function of tip

bias VDC for several different excitation amplitudes VAC using frequency ω/2π =

40 kHz and (b) for several different ω using VAC = 2.0 V. Results obtained with

the system’s original wiring connected to the excitation signal (crosstalk on) and

to ground (crosstalk off ) are shown as dotted lines and solid lines, respectively.

Note that in (b) the solid lines overlap. The V-shape of the the solid lines in

(a) and (b) demonstrates that the crosstalk has effectively been removed in the

crosstalk off case.

probe holder and setting the switch on the SAM to crosstalk on. Having thus

determined the crosstalk signal (XCT, YCT), we can correct for it. This is done

by direct subtraction of the first harmonic LIA in-phase and quadrature signals

obtained from the pure crosstalk signal measurement from those obtained in OL-

KPFM measurements with crosstalk on. Such results will be referred to as cor-

rected.

To study the effects of crosstalk and compare the performance of OL- and

CL- KPFM we performed measurements with crosstalk on and crosstalk off on

a 12.0 x 0.8 µm2 area of the sample, using 256 x 16 pixels, covering a small part

of both a gold and an aluminum area as well as the gap with the silicon substrate

exposed in between. Fig. 3.2(a) shows a topography map indicating that the

gold and aluminum layers are about 50 nm thick. Fig. 3.2(b) shows the KPFM

results along the dotted line in Fig. 3.2(a). The rather poor lateral resolution

is in accordance with literature for amplitude detection KPFM, which includes

significant influence of long range electrostatic interactions [101] The OL- and

CL-KPFM results obtained with crosstalk off agree reasonably well, with differ-

ences of at most 30 mV (above the gold). The OL-KPFM corrected and crosstalk

off results agree similarly well, demonstrating that the pure crosstalk-only sig-
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Figure 3.2: (a) AFM Topography of an area covering parts of an aluminum and

a gold area and the gap in between. (b) The contact potential difference VCPD

along the dotted line shown in (a) obtained by the different methods and config-

urations indicated in the legend, using VAC = 2.0 V and, in OL-KPFM, ω/2π =

40 kHz. Note that the crosstalk off curves coincide except on the gold, where the

discrepancy is at most 30 mV.

nal was measured accurately enough to correct for it in the data-processing. It

should be noted that KPFM measurements performed in air can vary in time due

to changes of the adsorbed water layer on the probe and the sample [102] Since

the measurements are not performed simultaneously, this can contribute to the

observed differences. Nevertheless, the OL-KPFM results show a clear influ-

ence from crosstalk, showing discrepancies between crosstalk on and crosstalk

off up to 180 mV towards the zero crossing where large jumps between positive

and negative values occur. This behavior can be explained by the fact that with

crosstalk on Aω cannot become smaller than the amplitude of the crosstalk signal

(Eq. (3.5)). The CL-KPFM crosstalk on results also show a clear influence from

crosstalk, differing up to 60 mV from the crosstalk off results. Note that this

discrepancy could be different for other LIA phase or excitation settings.[93]

To study excitation amplitude and frequency dependence we performed 3.0

x 0.1 µm2 scans, using 256 x 8 pixels, centered on an aluminum area of the

sample. Fig. 3.3 shows the averaged KPFM results as a function of ω for VAC

= 2.0 V. The OL-KPFM results with crosstalk on show a strong frequency de-

pendency, spreading over 100 mV, while the corrected and crosstalk off results
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Figure 3.3: The contact potential difference VCPD as a function of the excita-

tion frequency ω measured on aluminum obtained by the different methods and

configurations indicated in the figure, using VAC = 2.0 V. Note the agreement

between the corrected and crosstalk off results.

are independent of ω and agree very well. The same OL-KPFM measurements

were also performed with VAC equal to 1.0 V, 3.0 V and 4.0 V and, as expected,

showed no significant dependence on VAC. The crosstalk off CL-KPFM result

is about 15 mV lower than the crosstalk off OL-KPFM results, while, with the

excitation and feedback settings used here, the result with crosstalk on is about

40 mV higher. Similar results were obtained on a gold area of the sample.

3.5 Conclusions

We conclude that crosstalk can introduce significant errors in both CL- and OL-

KPFM. In the latter these errors are especially problematic for small values of

VCPD, causing large jumps at zero crossings. We find, as expected, a strong

ω-dependence and no VAC-dependence of the crosstalk induced offset to the ob-

served VCPD for OL-KPFM. We have demonstrated that in our commercial setup

crosstalk can be sufficiently removed by rewiring the excitation signal with a

shielded wire, which could be applicable for many KPFM systems. We also

demonstrated that we could measure and correct for the crosstalk in OL-KPFM.

The results demonstrate that OL-KPFM yields modulation frequency and ampli-

tude independent results in reasonable agreement with CL-KPFM, provided that

the influence of crosstalk is eliminated.
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Chapter 4

Preventing probe induced topography

correlated artifacts in Kelvin Probe Force

Microscopy∗

abstract - Kelvin Probe Force Microscopy (KPFM) on samples with rough sur-

face topography can be hindered by topography correlated artifacts. We show

that, with the proper experimental configuration and using homogeneously metal

coated probes, we are able to obtain amplitude modulation (AM) KPFM results

on a gold coated sample with rough topography that are free from such arti-

facts. By inducing tip inhomogeneity through contact with the sample, clear

potential variations appear in the KPFM image, which correlate with the sur-

face topography and, thus, are probe induced artifacts. We find that switching

to frequency modulation (FM) KPFM with such altered probes does not remove

these artifacts. We also find that the induced tip inhomogeneity causes a lift

height dependence of the KPFM measurement, which can therefore be used as

a check for the presence of probe induced topography correlated artifacts. We

attribute the observed effects to a work function difference between the tip and

the rest of the probe and describe a model for such inhomogeneous probes that

predicts lift height dependence and topography correlated artifacts for both AM

and FM-KPFM methods. This work demonstrates that using a probe with a ho-

mogeneous work function and preventing tip changes is essential for KPFM on

non-flat samples. From the three investigated probe coatings, PtIr, Au and TiN,

the latter appears to be the most suitable, because of its better resistance against

coating damage.

∗The contents of this chapter have been published: L. Polak, and R. J. Wijngaarden, Ultrami-

croscopy 171, 158 (2016)
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4.1 Introduction

Kelvin Probe Force Microscopy (KPFM) is a popular technique for mapping

variations of the work function on the surface of a sample. Ideally, it measures

the work function difference between a conductive AFM probe tip and sample

surface in a small area directly underneath the tip. However, due to the long range

nature of the electrostatic interactions, also work function variations further away

contribute to the measured potential. This causes a limited lateral resolution,

which depends on the probe sample distance [101, 103–105]. In addition, this

can result in topography correlated artifacts (TCAs) in the KPFM measurement

through convolution with topographic height variations on the sample. This is

akin to the demonstrated emergence of TCAs in KPFM measurements in the

presence of electronic crosstalk or improper feedback [106–108].

The work function variations on the sample are generally the features that

one wishes to study with KPFM. Their contribution to TCAs was studied by

Sadewasser et al. [109] and appear to be quite small. However, the presence of

work function variations on the probe has not yet been studied in relation to this

effect. In this work, we present a detailed study of such probe induced TCAs by

controlling probe changes, while having carefully removed instrumental artifacts

[91, 106–108].

Using frequency modulation (FM-)KPFM instead of amplitude modulation

(AM-)KPFM generally improves the spatial resolution.[101, 110] This is caused

by the fact that AM-KPFM is based on measurement of a signal that is propor-

tional to the electrostatic force, while FM-KPFM is based on measurement of a

signal that is proportional to the gradient of the electrostatic force, which reduces

the influence from work function variations on the sample far away from the tip

of the probe. In this way, FM-KPFM also reduces the TCAs caused by work

function variations on the sample [111]. However, if different locations on the

tip of the probe acquire different work functions (e.g. through tip-sample inter-

actions), it is not evident if the resulting probe induced TCAs will be reduced by

using FM-KPFM. Therefore, in this work we also investigate this possibility.

On homogeneous, flat samples there is often a dependence of the potential

measured with KPFM on the probe-sample distance, and it was found that probe

damage can radically change this distance-dependence [95, 112]. It was sug-

gested to check this distance dependence before and after each measurement to

ensure that results are not affected by tip changes [112]. Here, we show that

probe induced TCAs can be directly related to this distance dependence, and,

hence, that this check is especially important for KPFM on non-flat samples.
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4.2 Theory

4.2.1 KPFM principles

A laterally resolved KPFM image is always obtained in combination with an

AFM topography image. This can be achieved most easily with a two-pass

method, referred to as lift mode, which is the method considered in this work. In

the first pass, the topography is determined with an AFM method, such as tap-

ping mode. In the second pass, the topography is retraced at a fixed vertical lift

height, z, while the KPFM measurement is performed. Simultaneous topography

and KPFM single pass methods also exist and are sometimes considered supe-

rior [72], but lift mode has some advantages [111] and it is popular in ambient

conditions, see e.g. Refs. [52, 113–118].

To perform the KPFM measurement, the probe and sample are electrically

connected through a voltage source, which applies a potential, V , such that the

probe-sample system forms a two body capacitor. In the simplest case, the probe

and sample each have a single work function. We define the applied potential

as positive when the potential applied to the probe minus the potential applied

to the sample is positive. (This corresponds to connecting the sample to ground

and the output of the voltage source to the probe.) Then, the electrostatic force

in the z-direction between the two bodies is given by

F =
1

2

∂C

∂z

(
V −

Φp − Φs

e

)2

, (4.1)

where C is the probe-sample capacitance, Φp the work function of the probe,

Φs the work function of the sample and e the positive elementary charge. In

closed loop KPFM the applied potential V consists of an AC modulation poten-

tial, VACcos(ωt), and a DC feedback potential, VDC. Then, the electrostatic force

can be written as F = F0 + Fωcos(ωt) + F2ωcos(2ωt). The amplitude Fω is

called the first harmonic, which in this ideal case is given by

Fω =
∂C

∂z

(
VDC −

Φp − Φs

e

)
VAC. (4.2)

In closed loop AM-KPFM the amplitude Fω is nullified by a feedback circuit

that adjusts VDC. At Fω = 0, VDC is equal to the Kelvin probe feedback potential

VK . In the ideal case VK is equal to (Φp − Φs) /e. In closed loop FM-KPFM

a signal is nullified that is approximately proportional to the amplitude of first

harmonic of the gradient of the electrostatic force [72, Eq. 2.18], i.e. ∂Fω/∂z =
0. In the ideal case eVK is then again equal to the work function difference.

Above, it was assumed that the probe and sample each have a single work

function, but in general this is not the case. Ideally, KPFM would measure the
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difference between the work function of the probe tip and the work function

of the sample in a small area directly underneath the tip. However, due to the

long range nature of the electrostatic interactions, the work function variations

on rather large areas of the sample and the probe contribute to some extent to

VK . This effect can be approximated with the approach introduced by Hochwitz

et al. [103], in which the probe and sample are divided into patches and treated

as separate electrodes. Labeling the probe patches with i and the sample patches

with j, Fω can then be written as [103–105]

Fω =
∑

ij

∂Cij

∂z

(
VDC −

Φi − Φj

e

)
VAC (4.3)

where Cij are the capacitances between the different probe-sample patch com-

binations. As a result, the AM-KPFM feedback potential becomes a weighted

average,

VK =

∑
ij wij(Φi − Φj)

e
∑

ij wij
, (4.4)

where the weights are wij = ∂Cij/∂z. The resulting expression for the FM-

KPFM feedback potential is similar, with the weights wij replaced by vij =
∂2Cij/∂z

2. The fact that in FM-KPFM the weights are second instead of first or-

der derivatives of the capacitances, and hence decay faster with distance, causes

a reduced influence from work function variations far away from the tip and ex-

plains its superior lateral resolution. These expression can also be used to under-

stand and model the lift height dependence and TCAs caused by work function

variations on the probe, as described below.

4.2.2 Inhomogeneous probe model

Probes used for KPFM are generally metal coated or made of highly doped Si.

Through contact with the sample the work function at the tip can become dif-

ferent from the work function of the rest of the probe. In case of the metal

coated probe the coating can be damaged such that the underlying material is

exposed. Similarly, the sharp tip of the highly doped Si probes can become

damaged thereby causing a different surface termination. Alternatively, material

from the sample can become attached to the probe tip.

To obtain a simple model for the effects of such tip changes on KPFM, we

assume that after damage the work function of the whole tip is changed and thus

divide the probe into two “patches”, as depicted in Fig. 4.1. One patch is the tip

with work function Φt and patch-sample capacitance Cts, the other patch is the

cone plus cantilever with work function Φc and patch-sample capacitance Ccs.
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Figure 4.1: Schematic drawing indicating the parameters used in the modeling

of the lift height dependence and TCAs caused by an inhomogeneous probe. (a)

The entire probe above the sample and (b) a zoom in of the probe tip at two

different positions above the sample surface. At position x1 the sample surface

is flat, while at x2 there is a hole with the shape of a spherical cap.

In case of a homogeneous sample with a single work function, there are then

only two different weights in Eq. (4.4), such that for AM-KPFM it becomes

VK =
wtsΦt + wcsΦc

wts + wcs
− Φs, (4.5)

where wts = ∂Cts/∂z and wcs = ∂Ccs/∂z. The expression for the FM-KPFM

feedback potential is obtained by replacing wts and wcs by vts = ∂2Cts/∂z
2 and

vcs = ∂2Ccs/∂z
2, respectively. This model predicts that when Φt 6= Φc, erro-

neous changes in VK will occur whenever the ratio of the two weights, wcs/wts

for AM-KPFM and vcs/vts for FM-KPFM, changes.

For accurate numerical modeling, the derivatives of Cij should be obtained

from the solutions of Poisson’s equation for the electrostatic potential for each

configuration. However, for a qualitative analysis simpler approaches can suffice

[103, 105]. Hudlet et al. [119] derived an accurate approximation for the elec-

trostatic force between a flat plane and a cylindrical cone ending smoothly in a

spherical cap, by separately calculating the electrostatic force on the cone and

the cap. From the expression for the force on the spherical cap we obtain

∂Cts

∂z
= −

2επR2

z (z +R)
, (4.6)
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where ε is the permittivity of the medium between the probe and the sample and

R is the radius of the spherical cap that defines the tip, henceforth referred to as

the tip radius. To the expression for the force on the cone [119] we add the force

on the cantilever by modeling its interaction with the sample as a parallel plate

capacitor. This leads to

∂Ccs

∂z
=− 2πεk2

[
ln

H

z +R
− 1 +

R/ sin θ0
z +R

]
+

f

(z +H)2
, (4.7)

where H is the cone height, θ0 is the cone half angle,

k =
1

ln tan(θ0/2)
,

and f is a factor to scale the influence of the cantilever. The value of f is deter-

mined by comparing to literature, as described below.

For AM-KPFM, Eqs. (4.6) and (4.7) yield the weights wts and wcs. For FM-

KPFM, the derivatives of these expressions with respect to z are the weights vts
and vcs. The parameters of this model are schematically depicted in Fig. 4.1.

In the following subsections we use these expressions to model the lift height

dependence and TCAs for inhomogeneous probes.

4.2.3 Lift height dependence of inhomogeneous probes

In the limit z → ∞ both the AM and FM model predict VK → (Φc − Φs)/e,

while in the limit z → 0 they predict VK → (Φt−Φs)/e. Since it is not possible

to perform measurements at z = 0, we use VK at lift height z minus VK at

the minimum probed lift height z = z0 to describe the distance dependence of

KPFM. Using Eq. (4.5), this can be written as

VK(z)− V z0
K =

Φt − Φc

e

wtsw
z0
cs − wz0

tswcs

(wts + wcs) (w
z0
ts + wz0

cs )
, (4.8)

where the superscripts z0 indicate that these quantities are evaluated at z = z0.

Clearly, this expression does not depend on Φs. The same expression is obtained

for FM-KPFM, but with all w replaced by v. In section 4.4 we use Eq. (4.8) to

fit our experimentally obtained lift height dependencies.

Using the expressions for the weights discussed in section 4.2.2, we calculate

the lift height dependence, VK(z) − V z0
K , on a flat sample for various tip radii.

Fig. 4.2 (a) shows the results for AM-KPFM and (b) the results for FM-KPFM,

where we have taken z0 = 25 nm, Φc − Φt = 100 meV, H = 14 µm, and

θ0 = 17.5◦. The value of f is set such that for R = 30 nm the relative weight of

the cantilever at z = 30 nm is 60%, in accordance with calculations performed

by Elias et al. [120] for a cantilever width of 40 µm and an angle with the sample
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Figure 4.2: Lift height dependence VK(z)−V z0
K for (a) AM-KPFM and (b) FM-

KPFM calculated using the model for an inhomogeneous probe described in the

text. The red, green, blue, cyan, and magenta lines correspond to tip radii R of

30, 50, 100, 200 and 400 nm, respectively.

of 10◦. Clearly, the model predicts a significant lift height dependence for both

KPFM methods. Note that for our condition Φc −Φt = 100 meV the maximum

possible lift height dependence is 100 mV.

4.2.4 Topography correlated artifacts caused by inhomogeneous

probes

The lift height dependence described in the previous section is caused by

the fact that the ratio of the two weights, wcs/wts for AM-KPFM and vcs/vts
for FM-KPFM, changes with z. These ratios can also change when scanning

over topographic features with fixed lift height z, thereby generating TCAs. To

illustrate this and to estimate the order of magnitude of such artifacts, we use the

configuration depicted in Fig. 4.1(b) at position x2.

At this position the tip is centered above a hole in the sample with the shape

of a spherical cap with radius r = z + R. The center of the sphere that defines

this cap is at the same position as the center of the sphere that defines the cap

that is the tip. Also, both spherical caps have the same solid angle. In this special
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geometry it is possible to extend the method of Hudlet et al. [119] to derive ex-

pressions for the tip and cone plus cantilever weights (see the Appendix). Using

these expressions and the same model parameters as in Fig. 4.2 we have calcu-

lated the difference between the potential measured above the hole, V hole
K , and the

potential measured above a flat sample, V flat
K . For a lift height z of 100 nm and

tip radii R of 30, 50, 100, 200 and 400 nm, the calculated TCAs, V hole
K −V flat

K , are

0.74, 1.5, 2.7, 0.20 and -11 mV for AM-KPFM, and 19, 31, 41, 26 and 5.4 mV

for FM-KPFM, respectively. In general, the model predicts that the magnitude of

these probe induced TCAs is proportional with (Φc−Φt)/e, which was 100 mV

in these calculations. Hence, the model predicts that significant TCAs can occur

with AM-KPFM when using an inhomogeneous probe, and that with FM-KPFM

it can even be worse. We stress that these calculations are intended only to illus-

trate how an inhomogeneous probe can cause TCAs and to estimate their order

of magnitude.

4.3 Experimental methods

The setup consists of a Multimode 8 SPM with Nanoscope V controller and

Signal Access Module (Bruker). The microscope is situated in air on a vibra-

tion isolation table (BM-4, minus k) in a temperature stabilized acoustic isola-

tion chamber. Measurements were done on an Au coated rough polycrystalline

NaTaO3 film on a sapphire substrate and on an Au coated polished sapphire sub-

strate, henceforth called the rough and flat sample, respectively. The Au coat-

ings were thicker than 300 nm and deposited using DC plasma sputtering. The

polycrystalline NaTaO3 film on sapphire was fabricated using a hydrothermal

method [121]. We investigated probe induced TCAs and distance dependence

on these samples with PtIr coated probes (SCMPIT, Bruker), Au coated probes

(HQ:NSC14/Au-Cr, µMash) and TiN coated probes (FMG01TiN, NT-MDT).

All KPFM measurements were performed in lift mode. The lift height was

100 nm, unless stated otherwise. Potentials were applied to the probe, while

the sample was connected to ground. AM-KPFM was performed by modulation

of the potential at the probe resonance frequency. The probe response at this

frequency was detected using a lock-in amplifier and nullified through a feedback

circuit that adjusts VDC . FM-KPFM was performed with mechanical excitation

with a dither piezo at the resonance frequency and modulation of the potential at

2 kHz. The response of the probe at the frequency of the mechanical modulation

is detected with a lock-in amplifier. The phase of the signal detected by this

lock-in amplifier contains the response of the probe to the electric modulation,

which is detected by a second lock-in amplifier and nullified through a feedback

circuit that adjusts VDC .

Sample topography was measured with standard tapping mode. To prevent

cross-talk from the KPFM excitation signal to the dither piezo in these measure-
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ments, we used a fluid cell probe holder (MMTMEC, Bruker), which has the

dither piezo located about 1 cm away from the probe. In this holder the probe is

fixed by a gold coated clamp, which was connected to the KPFM excitation sig-

nal. To prevent cross-talk to the detection circuit both the KPFM excitation and

dither piezo drive signal were wired externally from the signal access module

directly to the probe holder [91].

Preventing tip changes of the metal coated probes was quite challenging. Of-

ten a change occurred when changing a parameter during scanning (presumably

due to tip-sample contact), which is generally done when optimizing the mea-

surement parameters, but it was also found to happen sometimes directly upon

engage. Such a tip change was obvious from a shift of the potential measured

with KPFM and, in some cases, the detection of deposited material in the to-

pography signal, as well as contrast in the measured potential VK between the

deposited material and the Au surface of the sample. Undesired tip changes

were prevented by making sure that, before any automatic or manual parameter

change, the tapping mode setpoint is set such that the piezo scanner is moved

to maximum probe-sample distance. Parameters can then be changed in this

retracted state safely, and subsequently the topography feedback can be reestab-

lished by setting a proper tapping mode setpoint. In the experiments discussed

below, desired tip changes were induced by increasing the amplitude of the dither

piezo driving potential in small steps and monitoring VK between each step, un-

til a change in VK occurred. To prevent influence from changes of the sample

surface, this was done in an area more than 3 µm away from the scan areas were

the presented results were obtained.

4.4 Results and discussion

In a typical 2 × 2 µm2 scan on the rough sample we find height differences up to

600 nm. An example is shown in Fig. 4.3(a). An important result of our work is

that on rough Au coated surfaces such as shown in (a) we are able to obtain, under

the proper conditions, negligible variation in VK with homogeneous Au, PtIr

and TiN coated probes, without any data processing. As an example, Fig. 4.3(c)

shows this result for a TiN coated probe as obtained on the topography shown in

(a). The proper conditions are that (i) the probe has no significant work function

variations (i.e. is uniform in surface composition), (ii) tip changes through tip-

sample contact are avoided, (iii) crosstalk is eliminated and (iv) that the AM-

KPFM feedback is properly nullifying the first harmonic amplitude.

We were able to induce TCAs with the same TiN probe in the same area,

by purposely causing a change to the TiN coating of the probe at the tip, as de-

scribed in the methods section. Possibly this caused damage to the TiN coating,

but it is also possible that some Au from the sample got attached to the tip. In
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Figure 4.3: Topography (a, b), AM-KPFM (c, d) and FM-KPFM (e, f) maps

obtained obtained with a TiN coated probe on the rough sample with Au coating,

before (a, c, e) and after (b, d, f) inducing a tip change. The tip change causes

clear TCAs in both AM- and FM-KPFM, while the topography figures obtained

before and after are very similar.

any case, it is likely that this process has made the probe work function inho-

mogeneous. Fig. 4.3(d) shows the VK map obtained with this inhomogeneous

probe. This map shows significant variations of VK , which correlate with the

topographic image in (b) and appear to have too good lateral resolution for AM-

KPFM performed at a lift height of 100 nm. These observations, in combination

with the fact that initially the sample was found to have negligible work func-

tion variations, provides strong evidence for the idea that the newly appeared

VK variations are TCAs caused by an inhomogeneous probe. Importantly, the

corresponding topography map, shown in (b), does not appear to be significantly

different from topography map obtained with the probe before the tip change

shown in (a). Thus, an accidental tip change that alters VK and introduces TCAs

can easily go unnoticed when VK is not already being monitored adequately.
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Figure 4.4: Detected lock-in amplitude as a function of probe bias for several

excitation amplitudes, as indicated in the legend, obtained with the TiN coated

probe after the tip change had been induced. The V-shaped results with minima

equal to zero occurring a the same VDC for all VAC strongly support the absence

of electronic crosstalk.

Very similar results were obtained with Au and PtIr coated probes.

To provide extra support for the claim that these TCAs are not caused by

crosstalk or feedback effects, we performed several tests on the flat sample be-

fore and after inducing the tip change. Fig. 4.4 shows the lock-in amplitude as

a function of probe bias with the KPFM feedback switched off and excitation

amplitudes VAC from 1000 mV to 5000 mV, obtained with the TiN coated probe

after the tip change had been induced. The V-shaped results with minima equal

to zero occurring at the same VDC for all VAC strongly support the absence of

crosstalk, as discussed in [91]. In addition, we checked the independence of

VK on the lock-in phase and the excitation amplitude, VAC . Varying the lock-in

phase between 140◦ and 220◦ and VAC between 1000 and 5000 mV, resulted in

variations of VK smaller than 5 mV. These tests strongly indicate that crosstalk is

not the cause of the variations in VK shown in Fig. 4.3(d). The fact that the map

in (c), which has negligible variations in VK , is obtained with the same settings

and procedure as the map in (d) also suggests that crosstalk or feedback related

TCAs are negligible.

The above results support the idea described in section 4.2 that an inhomoge-

neous probe can cause TCAs in AM-KPFM measurements. As shown by Ziegler

et al. [111] using FM-KPFM can reduce some TCAs, but in our modeling we

find that TCAs caused by an inhomogeneous probe are not eliminated by using

FM-KPFM. This is also what we observed in our experiments with the TiN, Au

and PtIr coated probes after the tip change. Fig. 4.3(e) and (f) show the maps
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of VK obtained with FM-KPFM and the TiN coated probe before and after the

tip change, respectively. The result obtained by FM-KPFM with the homoge-

neous TiN probe already shows small TCAs, but clearly after the tip change this

becomes much more severe. Note that, the magnitude of the topographic arti-

facts for FM-KPFM is even increased with respect to the AM-KPFM results.

Also, the correlation between topography and measured potential is somewhat

different. Nevertheless, these results show that the much advocated FM-KPFM

method does not reduce TCAs caused by inhomogeneous probes, although it

certainly has other merits.

It should be noted that we were not able to obtain FM-KPFM maps on this

sample with homogeneous Au and PtIr coated probes, because in all attempts a

change of the probe occurred before proper feedback conditions were obtained.

The fact that we were able to do this with the TiN coated probe is probably

caused by the fact that the TiN coating is more wear resistant. Other hard metal

alloys might also be suitable.

We have also measured the AM-KPFM lift height dependence of VK on the

flat sample before and after the tip change. The obtained lift height dependence

of VK minus its value at lift height z0 = 25 nm are shown in Fig. 4.5. Before tip

change, VK changes only 6 mV going from z = 25 to z = 800 nm with the Au

and TiN coated probes and 8 mV with the PtIr coated probe. After the tip change

the lift height dependence is much larger, up to 59 mV for the TiN probe in the

measured range. Thus, we have found that before tip change the probes give

negligible TCAs and lift height dependence, while after tip change significant

TCAs and lift height dependence are observed. This suggests that there is indeed

a relation between lift height dependence and probe induced TCAs, as suggested

by the model explained above.

To verify this connection, we have fitted the measured lift height dependence

after tip change with Eq. (4.8), using R and (Φc−Φt)/e as fit parameters. Except

for the cone height H and the cantilever factor f , the other parameters are taken

as in the simulations above, see section 4.2.3. The cone height H is 15 µm for the

TiN and Au coated probes and 12.5 µm for the PtIr coated probe. The cantilever

factor f was determined above by comparison with calculations performed by

Elias et al. [120] for a cantilever width of 40 µm. The used PtIr and Au coated

probes have a cantilever width of 28 µm and the used TiN coated probe has a

cantilever width of 32 µm. Hence, we have scaled the factor f accordingly. The

resulting fits are shown as dashed lines in Fig. 4.5 and the resulting R and (Φc −
Φt)/e are respectively 140 nm and 57 mV for the Au probe, 550 nm and 50 mV

for the PtIr probe, and 255 nm and 86 mV for the TiN probe. From SEM imaging

of the corresponding PtIr and Au coated probes it is clear that these probes indeed

have damage at the tip covering quite a large area, but these values do appear to

be an overestimation. This could be due to the limited accuracy of the used
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Figure 4.5: Lift height dependence of VK minus its value at lift height z0 =
25 nm, measured with the different coated probes, before and after tip change,

as indicated in the legend. The dashed lines are fits using Eq. (4.8).

approximate expressions, as well as due to deviations of the assumed geometry

of the probes and their inhomogeneity at the tip from the actual geometry.

In our experience, the induced tip changes described in this work can occur

easily when one does not take the right precautions, such as those described in the

methods section. This is especially the case on rough samples, because then the

topographic feedback is more challenging. Although tip changes generally give

some shift in the topography signal or a change to the topography feedback error

signal, the subsequently obtained maps of these signals are often not significantly

poorer than before the tip change. Hence, to make sure that variations in VK

measured on non-flat samples are not due to probe induced TCAs, it is necessary

to check the lift height dependence before and after the experiments. If there is a

lift height dependence, while crosstalk and feedback effects are eliminated, then

the probe is not suitable for measurements on non-flat samples.

Reducing the probe-sample distance improves the lateral resolution of KPFM.

Simultaneous topography and KPFM single pass methods reach the smallest dis-

tances and are therefore superior in this respect. However, one can easily imagine

that analogous problems as discussed above for lift mode could arise in single

pass methods, hence it is important that this is investigated in future work.

4.5 Conclusion

We have shown that it is possible to obtain AM-KPFM results on rough sam-

ples that are free from all TCAs without any post measurement corrections. This

requires that (i) the probe is uniform, i.e. has no significant work function vari-

ations, (ii) tip changes through tip-sample contact are avoided, (iii) crosstalk is
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eliminated and (iv) that the feedback is properly nullifying the first harmonic

amplitude. By inducing a tip change through interaction with the sample, clear

TCAs appear in both AM and FM-KPFM measurements. Such tip changes can

occur very easily by accident, if one does not take the right precautions, such

as described in this work. We argue that the observed TCAs are caused by a

modified work function at the tip, which is supported by model calculations.

From the three investigated probe coatings, PtIr, Au and TiN, the latter ap-

pears to be the most suitable, because of its better resistance against coating

damage. But even with this probe an accidental tip change can easily occur and

is often not immediately clear from the data. However, we have also shown that

if a tip change causes TCAs in KPFM measurements, it will also cause a lift

height dependence. Hence, it is advisable to check the lift height dependence

before and after measurements on non-flat samples.
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Chapter 5

Two-step sputter-hydrothermal synthesis of

NaTaO3 thin films∗

abstract - NaTaO3 has received considerable interest because of its extraordi-

nary photocatalytic water splitting capability and it has been suggested for ther-

moelectric applications. The ability to synthesize NaTaO3 films is essential for

characterization with electrochemical or scanning probe techniques that are dif-

ficult to apply to powders. Here we find that with the existing single-step hy-

drothermal synthesis method for NaTaO3 films, detrimental precursor etching

can occur, leading to rapidly disintegrating films. We solved this problem by

creating a two-step synthesis. In the first step, a Ta2O5 film is deposited, and in

the second step, the Ta2O5 is hydrothermally converted into NaTaO3. With this

modification, we systematically obtained durable thin films. When decreasing

the synthesis temperature in steps from 393 K to 343 K, the crystallites gradually

change from cubic to more rounded. Hence, the method enables specific control

over the surface morphology of the NaTaO3 films. In addition, we show that the

samples obtained with the proposed method are sufficiently flat for application

of scanning probe microscopy methods.

∗The contents of this chapter have been published: L. Polak, T. P. Veeken, J. Houtkamp, M. J.

Slaman, S. M. Kars, J. H. Rector, and R. J. Wijngaarden, Thin Solid Films 603, 413 (2016)
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5.1 Introduction

NaTaO3 powder dispersed in water is capable of overall photocatalytic water

splitting under UV radiation [24], while it has also been suggested as thermoelec-

tric material for energy generation [122]. With La-doping and NiOx co-catalyst,

a record quantum yield of 56% was reached [19], but due to the large bandgap of

NaTaO3 the efficiency of sunlight to hydrogen conversion is low. Doping strate-

gies to induce absorption of photons of lower energy in NaTaO3 [123] could lead

to higher efficiency, while a better understanding of the underlying mechanisms

leading to the remarkably high quantum yield could lead to new ideas for the

development of more efficient overall photocatalytic water-splitting materials.

The possibility to synthesize NaTaO3 films is essential, because it allows

characterization with techniques that are difficult to apply to powders, such as

photo-electrochemistry and scanning probe microscopy. In addition, photocat-

alytic films are compatible with continuous flow systems and do not require stir-

ring. This can make water-splitting experiments more reproducible and could

also be desirable for future water-splitting applications.

A variety of methods exists for the synthesis of NaTaO3 powders, such as

solid state [19, 24], molten salt flux [32, 124], solgel [33, 125], and hydrother-

mal methods [126–129], which can lead to different crystal structures, particle

morphologies, and photocatalytic activity [130–132]. Methods that have been

applied to obtain NaTaO3 films or layers are anodic spark deposition [133], RF

magnetron sputtering [134], hydrothermal synthesis [135], electrochemicalhy-

drothermal synthesis [136], and flux coating [137].

The simplicity and reported control over surface morphology of the hydrother-

mal method reported by Zhou et al. [135] makes it potentially very useful. With

their single-step method, they obtained three different morphologies at synthesis

temperatures of 393 K, 423 K, and 453 K and three more by adding H2O2 to the

NaOH reaction solution. These results are explained by a complex film forma-

tion mechanism involving two concurrent dissolutioncrystallization processes.

In one process, Ta dissolves and Ta2O5 crystallizes on the surface, while hydro-

gen gas is formed as well. In the other, Ta2O5 dissolves and NaTaO3 crystallizes

on the surface.

In our attempts to apply this method, however, we encountered detrimental

precursor etching, resulting in inhomogeneous and rapidly disintegrating films.

The reason for the discrepancy with Ref. [135] must lie in slightly differing

experimental conditions, as will be discussed below, but is not surprising, since

NaOH-based solutions have been used effectively to selectively etch Ta [138].

This can easily lead to undesired morphologies and even to delamination of the

film from the substrate. Here, we solve this problem by a two-step synthesis,

where contact between Ta and its etchant NaOH is prevented. We have studied
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Chapter 5. Two-step sputter-hydrothermal synthesis of NaTaO3 thin films

the composition and morphology of the durable films obtained with this two-

step method for a wide range of synthesis temperatures and found a strongly

reduced dependence of the morphology on synthesis temperature above 393 K.

However, at lower temperatures, we find a potentially useful type of control over

the surface morphology.

5.2 Materials and methods

5.2.1 Single-step hydrothermal method

In the original single-step hydrothermal synthesis method as reported by Zhou

et al. [135], a Ta foil (6 mm × 3 mm) is immersed in 16.5 ml of 5 M NaOH

solution in a Teflon-lined stainless-steel autoclave with a total capacity of 80 ml.

The autoclave is then sealed and heated to a desired temperature, which was

393 K, 423 K or 453 K in their study. This temperature is maintained for 12 h

and then the autoclave is cooled to room temperature in air.

We repeated the hydrothermal syntheses of Zhou et al. in a Teflon-lined

stainless-steel autoclave with a capacity of 8 ml and immersed the precursor

in 5 ml of 5 M NaOH (NaOH 30% aqueous solution, AnalaR Normapur and

MilliQ water). In particular, we repeated the synthesis at 393 K using Ta foils

(10 mm × 10 mm, Mateck GmbH) and 4 m thick Ta films on sapphire substrates

(10 mm × 10 mm, Mateck GmbH). These films were fabricated with magnetron

sputtering in Ar plasma using a Ta target (99.9%, Mateck GmbH).

5.2.2 Two-step sputter-hydrothermal method

Our modified two-step method is to first deposit a Ta2O5 film on a sapphire sub-

strate and then use this as precursor in the hydrothermal synthesis instead of a

Ta foil. For this purpose we deposited Ta2O5 films with a thickness of 1.2 m on

sapphire substrates (10 mm x 10 mm, Mateck GmbH) by magnetron sputtering

in plasma consisting of Ar with 10% O2 and subsequent annealing for 1 h at

1073 K in air. Subsequently, after cooling to room temperature, the Ta2O5 films

were treated hydrothermally in 5 M NaOH at the following temperatures: 333 K,

343 K, 353 K, 373 K, 393 K, 413 K, 433 K, and 453 K. The synthesis times were

12 h and 48 h, except for samples at 373 K and 413 K, which were only synthe-

sized for 12 h, and samples at 433 K and 453 K, which were only synthesized

for 6 and 3 h, respectively. Below 373 K we also used NaOH concentrations

below 5 M to explore the minimum required temperature for NaTaO3 formation

at these concentrations.
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5.2.3 Characterization

The crystal structure of the resulting samples was studied with grazing incidence

X-ray diffraction (GID) and regular powder X-ray diffraction (XRD) using a

diffractometer equipped with a Göbel mirror (Cu K radiation, Bruker D8 DIS-

COVER). We use GID measurements to avoid high intensity diffraction peaks

from the single crystal sapphire substrate. All GID patterns were obtained using

a 2o incidence angle, but we also used GID measurements at different incidence

angles for depth profiling of the crystal structure of the sample. Surface mor-

phologies were studied with SEM and tapping mode atomic force microscopy

(AFM) (Bruker, Multimode 8 with AS-12 scanner).

5.3 Results

5.3.1 NaTaO3 films grown with the single step method

The single-step hydrothermal synthesis at 393 K with Ta foils as a precursor re-

sulted in very thick films that were rapidly disintegrating. NaTaO3 films obtained

using Ta films on sapphire were also disintegrating and longer synthesis times re-

sulted in complete removal of all Ta from the sapphire substrate. SEM images on

areas with intact film showed inhomogeneous surface morphologies, consisting

of relatively large cubes surrounded by much smaller, porous structures. Thus,

these samples are inhomogeneous at the microscopic level. Fig. 5.1 shows an

example of such a sample synthesized from a Ta foil and Fig. 5.2(a) is the corre-

sponding XRD pattern, confirming that the structures are NaTaO3Ḃecause of the

relatively large thickness of the NaTaO3 layer, there is no signal from the Ta foil

in the XRD measurement. These results show that besides formation of NaTaO3

detrimental etching of the sample is occurring.

The inhomogeneous, rapidly disintegrating films we obtained contrast with

the results of Ref. [135]. Since it is known that NaOH can effectively etch

Ta [138], we conjecture that this discrepancy is caused by a small difference in

the experimental details of the synthesis that has changed the balance between

the dissolution and crystallization reactions in the film formation mechanism, as

described in section 5.1, such that etching has become dominant. This difference

can be in experimental details such as the heating rate, the precursor composition,

the thickness of the native oxide layer on the Ta precursor, the autoclave volume,

the Ta foil size or the NaOH solution volume.

5.3.2 Composition of NaTaO3 films grown with the two-step method

It was suggested that adding H2O2 to the NaOH solution reduces the amount of

hydrogen formation in the hydrothermal reaction, which would lead to the for-
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Figure 5.1: SEM image of NaTaO3 formed on a Ta foil by a 12 h hydrothermal

synthesis at 393 K.

Figure 5.2: (a) XRD pattern of NaTaO3 synthesized with the single-step method

at 393 K for 12 h (same sample as Fig. 5.1). (b) GID pattern of an annealed

Ta2O5 film on a sapphire substrate. (cf) GID patterns of NaTaO3 films synthe-

sized with the two-step method at (c) 393 K for 12 h, (d) 373 K for 12 h, (e)

353 K for 48 h, and (f) 343 K for 48 h. The peak indicated by * is probably due

to pyrochlore Na2Ta2O6.

mation of more compact NaTaO3 films [135]. On the other hand, it has been

found that the etch rate of NaOH based solutions increases with H2O2 concen-

tration [138]. Therefore we adopt another approach. We use Ta2O5 as precursor
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instead of Ta, as has been done before for the hydrothermal synthesis of NaTaO3

powder [127]. With this modification the procedure becomes a two-step method,

where, in the first step, a Ta2O5 film is deposited on a sapphire substrate and in

the second step Ta2O5 is hydrothermally converted into NaTaO3Ẇith Ta2O5 as

precursor there is only one dissolution-crystallization process without hydrogen

formation and thus the etching of the sample is reduced. Furthermore, differ-

ences in the native oxide layer on Ta can no longer influence the results.

All NaTaO3 films obtained with the two-step method were compact, ho-

mogeneous and not disintegrating. Fig. 5.2(b) is the GID pattern of a typical

Ta2O5precursor film after annealing in air and Fig. 5.2(c-f) are GID patterns

of the NaTaO3 films obtained by the two-step synthesis with the hydrothermal

step at temperatures of 343 K, 353 K, 373 K and 393 K and using a 5 M NaOH

solution. Comparison with the peak positions of Ta2O5 (JCPDS 25-0922) and

NaTaO3 (JCPDS 25-0863), indicated respectively by the triangles and circles,

shows that these samples contain both these materials. Indeed all samples syn-

thesized using 5 M NaOH had GID spectra with peaks corresponding to NaTaO3

and Ta2O5, except for two samples obtained using our lowest synthesis temper-

ature of 333 K and durations of 12 and 48 h, which did not have peaks corre-

sponding NaTaO3Ṫhus at this temperature no NaTaO3 was formed. Note that we

even obtained NaTaO3at 343 K, i.e. below the boiling point of water, where the

use of an autoclave is not required. The variations in relative peak heights in the

GID pattern can be caused by variations in morphology and microstructure of the

crystallites in the films as well as the relative amounts and spatial distribution of

the NaTaO3 and Ta2O5Ṁost samples synthesized at 333 K to 413 K showed a

small peak at 29.6o, probably due to traces of pyrochlore Na2Ta2O6, which has a

major peak at this position (JCPDS 70-1155). Incidentally, the formation of this

compound was also reported for a microwave-assisted hydrothermal synthesis of

NaTaO3 powders [128]. At 433 K and 453 K, however, we observed no peak at

29.6o.

Below 393 K we also synthesized samples with reduced NaOH concentra-

tions. The diagram in Fig. 5.3 indicates for each combination of temperature and

concentration whether NaTaO3 was detected in the GID measurements. These

results give an indication of the dependence of the minimum required synthesis

temperature as a function of the NaOH concentration, as sketched by the dashed

line.

To study NaTaO3 e.g. electrochemically, it is highly desirable that the Ta2O5

is not exposed at the surface. At 393 K we found that synthesis times of 12 h

and 48 h result in very similar GID patterns. This suggests that after a certain

time the Ta2O5 does not react with the NaOH solution anymore, presumably be-

cause it is completely encapsulated by the NaTaO3 as desired. This is supported

by the SEM images shown in Fig. 5.4 of the sample synthesized at 393 K for
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Figure 5.3: Phase diagram for the two-step synthesis of NaTaO3 films. The pres-

ence of NaTaO3 was determined by GID. The dashed line gives a rough indica-

tion of the concentration dependence of the minimum temperature for NaTaO3

formation.

12 h, corresponding to GID pattern (c) in Fig. 5.2. The top view in Fig. 5.4(A)

shows that the film consists of densely packed interconnecting cubic crystallites.

SEM images at other locations and with a larger field of view show that this

film homogeneously covers the entire surface. The cross-section SEM image in

Fig. 5.4(B) shows that this film is approximately 1 m thick and situated on top

of a film that has a different structure. To show that the NaTaO3 is on top, we

performed GID measurements at varying incidence angles. As the GID angle

of incidence is decreased the penetration depth of the X-rays decreases, thereby

increasing the signal from the top of the sample relative to signal from deeper

in the sample. The inset of Fig. 5.4(A) shows the ratio R defined as the inten-

sity of the NaTaO3 peak at 32.5o divided by the intensity of the Ta2O5 peak at

28.5o. The clear increase of this ratio for decreasing GID angle demonstrates

that NaTaO3 resides on top of the Ta2O5 and we conclude that the composition

is as indicated in Fig. 5.4(B).

The increase of R for decreasing incidence angle has been checked for all

samples, confirming that NaTaO3 is always on top of the Ta2O5 precursor. On

all samples synthesized above 373 K, SEM images at different locations and with

large fields of view show that the films homogeneously cover the entire surface.

Thus, for these samples the encapsulation of the Ta2O5 precursor is complete.

At lower temperatures, longer synthesis times are required to reach the point

of full encapsulation because the chemical reaction rate is slower. The samples
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5.3. Results

Figure 5.4: (A) Top view and (B) cross-section SEM image of a NaTaO3 film

synthesized by the two-step method at 393 K for 12 h. (A inset) The ratio R

vs. GID incidence angle. As explained in the text, this demonstrates that the

NaTaO3 resides on top of the Ta2O5.

obtained at 343 K and 353 K, corresponding to the GID patterns (d) and (e)

shown in Fig. 5.2, were synthesized for 48 h. For these samples, R is higher than

for the samples synthesized for 12 h at the same temperatures. This indicates

that the Ta2O5 precursor is not yet fully encapsulated after 12 h synthesis time.

5.3.3 Morphology of NaTaO3 films grown with the two-step method

The densely packed interconnecting cube-like structure visible in the SEM im-

age of Fig. 5.4(A) obtained with the two-step synthesis is very similar to the

morphology obtained by Zhou et al. [135] with their single-step synthesis at

293 K and 12 h synthesis time using Ta as precursor. Thus with our two-step

synthesis we reproduce this result. However, at 413 K, 433 K and 453 K we ob-
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Figure 5.5: SEM images of NaTaO3 samples obtained by the two-step synthesis

at (A) 373 K for 12 h, (B) 353 K for 48 h and (C) 343 K for 48 h.

tained very similar morphology as at 393 K, while Zhou et al. reported ”particle-

like structures” at 423 K and ”branched structures” at 453 K. Apparently these

morphologies are not obtained when using Ta2O5 films as precursor. This is

probably caused by the absence of the extra dissolution-crystallization process

and hydrogen formation that occurs when using Ta as precursor, as discussed in

section 5.3.1. However, we will now discuss another type of control over surface

morphology that we obtained by lowering the synthesis temperature.
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Figure 5.6: AFM images of NaTaO3 samples obtained by the two-step synthesis

at (A) 453 K for 3 h and (B) 343 K for 48 h.

Fig. 5.5(A) shows a SEM image of a sample synthesized for 12 h at 373 K.

From this image it is clear that the interconnected cubes have rounded corners.

At 353 K and 48 h the edges of the cubes also become rounded, as shown in

Fig. 5.5(B), while at 343 K and 48 h there is even more rounding such that al-

most spherical structures are obtained, as shown in Fig. 5.5(C). At still lower

temperature, at 333 K, no NaTaO3 was formed. Generally, the manifestation of

flat crystal faces is caused by a surface diffusion driven layer-by-layer growth

in the crystallization process [139]. The observed temperature dependence of

the morphology could thus be explained by a decreasing effectiveness of the

layer-by-layer growth when the temperature is reduced. This effect increases the

amount of steps on the surface of the crystallites, which can make the crystallites

more round. Because of the reduced chemical reaction rate at lower tempera-
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tures, longer synthesis times are required to reach complete encapsulation of the

Ta2O5 precursor. From Fig. 5.5(A) it is clear that at 373 K 12 h is enough, but

from Fig. 5.5(B) and (C) it is evident that at 343 K and 353 K even 48 h is not

enough, because not all area is covered by the crystallites. We conjecture that it

is nevertheless possible to obtain fully covered samples at these temperatures by

extending the synthesis time.

Attempts to obtain AFM images on samples synthesized by the single step

hydrothermal method such as shown in Fig. 5.1 failed, because the surface

roughness was too large for the range of the instrument. In contrast, AFM on

samples synthesized by the two-step methods did not pose any problems. On a

2 × 2 m2 area typical topographic height differences were 600 nm, which is suit-

able for AFM. Fig. 5.6 (A) and (B) show the topography maps obtained on the

samples synthesized at 453 K for 3 h and 343 K for 48 h, respectively. These two

extreme cases nicely show the difference in the obtained surface morphology.

These results show that these samples obtained with the two-step hydrothermal

method are suitable for a wide variety of scanning probe methods.

5.4 Conclusion

We observed detrimental precursor etching and obtained rapidly disintegrating

films when using the existing single-step hydrothermal method for the synthesis

of NaTaO3 films. We solved this problem by creating a two-step method: first a

Ta2O5 film is created and subsequently Ta2O5 is hydrothermally converted into

NaTaO3Ṫhis prevents contact between Ta and its etchant NaOH. With this mod-

ification we systematically obtained durable films that are sufficiently flat for

scanning probe microscopy, as demonstrated by the obtained AFM images. We

find that the dependence of morphology on synthesis temperature above 393 K is

strongly reduced with respect to what was reported for the single-step hydrother-

mal method. However, in the range from 343 to 393 K, control over roundness

of the NaTaO3 crystallites in the films is obtained by varying the synthesis tem-

perature.
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Chapter 6

NaTaO3 photoanode for bias-free water

splitting: A photo-electrochemical and Kelvin

probe surface photovoltage study∗

abstract - NaTaO3 powder is well known for its extraordinary water splitting

capabilities, but its potential as photoelectrode material is little studied. We

find that an existing facile synthesis method for NaTaO3 thin films on Ta pro-

vides such photoelectrodes with good electrical back contact, enabling photo-

electrochemical and Kelvin probe photovoltage measurements. Connected to a

Pt counter electrode, the NaTaO3 acts as a photoanode, driving a water splitting

photocurrent under UV illumination without bias. Cyclic voltammetry under UV

shows a steep water oxidation photocurrent onset at -0.3 VRHE, while directly be-

low this potential water reduction sets in. Photocurrent spectroscopy shows an

absorption onset of 310 nm, which agrees with reported value of the NaTaO3

band gap. Without bias, the incident photon to current efficiency reaches 12%

at 250 nm. Kelvin probe surface photovoltage measurements show relaxation

over multiple days, indicating the presence of trap states. In addition, isolated

NaTaO3 nanocrystals are grown on Pt and frequency modulation Kelvin probe

force microscopy with and without UV is used to visualize the photovoltage be-

tween the two materials. These NaTaO3 photoelectrodes provide a new platform

for detailed research and development of NaTaO3 based water splitting systems.

∗Reproduced with permission from: L. Polak, J. H. Rector, M. J. Slaman, and R.J. Wijngaar-

den, J. Phys. Chem. C 120, 23559 (2016), Copyright 2016 American Chemical Society
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6.1 Introduction

Among semiconductor oxide powders that are capable of overall water splitting,

La-doped NaTaO3 with NiOx co-catalyst has reached a record quantum yield

of 56% [19], sparking a large amount of ongoing scientific activity [10, 30, 31,

124, 130–132, 140–142]. Unfortunately, due to the large bandgap of NaTaO3,

its solar to hydrogen energy conversion efficiency is low. Rather surprisingly,

most research has been done on NaTaO3 powders, thus excluding electrochem-

ical and electrical scanning probe techniques. This hampers the search for im-

proved NaTaO3-inspired materials as well as research on NaTaO3 itself.

In previous work, Wang et al. [34] were able to study the photoelectrochem-

ical behavior of NaTaO3 by immobilizing particles on ITO, and found an an-

odic photocurrent under UV illumination, but with a rather high onset potential,

considering the large band gap. No bias free water splitting was demonstrated.

Gómez-Solı́s et al. fabricated NaTaO3 electrodes through screen printing of par-

ticles and coated them with RuO2, leading to photoanodes with activity in vis-

ible light [143]. In this configuration the NaTaO3 only serves as an electron

conductor, similar to TiO2 in a dye sensitized solar cell, such that its own photo-

electrochemical properties are not probed. A variety of other methods for the

synthesis of NaTaO3 films have been developed, such as anodic spark deposi-

tion [133], RF magnetron sputtering [134], hydrothermal synthesis [121, 135],

electrochemical-hydrothermal synthesis [136], and flux coating [137], which all

can result in good sample coverage and, with the right contact material, to a

good Ohmic back contact. Specifically, we found that the method of Suzuki et

al. [137] provides good electric back contact, and that it performs bias free water

splitting in combination with a Pt electrode. This offers the possibility of bias

free overall photoelectrochemical water splitting, while simultaneously using the

excess electrical potential to do electrical work.

The main issue obstructing wide spread use of NaTaO3 for solar to fuel ap-

plications is that a better match to the solar spectrum is required. In principle,

a narrowing of the band gap of NaTaO3 can be engineered through doping, and

many efforts have been undertaken in this direction [34–39, 144]. Unfortunately,

to date no doped NaTaO3 powder has been shown to have a significant water

splitting efficiency under solar illumination. We suggest that by using the thin

films and techniques presented here, a more detailed evaluation of bottlenecks

is possible, enabling a larger rate of improvement. Furthermore, band gap nar-

rowing through doping could prove to be more successful in the configuration

with counter electrode, because it relaxes some of the material requirements in

comparison to single particle (powder) water splitting.

In this work, we present our photoelectrochemical and Kelvin probe surface

photovoltage studies of NaTaO3 photoelectrodes synthesized with the method of
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Suzuki et al. [137].

6.2 Experimental methods

NaTaO3 photoelectrodes were made using the procedure of Suzuki et al. [137].

First, the Ta foil is made hydrophylic by placing it in an ozone cleaner (Bioforce

Nanosciences, ProCleaner Plus) for 15 minutes. Then 7 µL/cm2 of 2M aqueous

NaNO3 is drop cast and carefully spread over the entire surface. Next, the foil

with liquid film is dried in an oven at 373 K for at least half an hour. Finally, the

resulting film with dried-up NaNO3 on its surface is baked for 10 min at 773 K

in a preheated hotplate with cover (Harry Gestigkeit, PZ 28-3TD).

Isolated NaTaO3 nanocrystallites on Pt were grown by the same method, but

using 10 nm Ta thin films on a 100 nm Pt film on a glass substrate, instead of

the Ta foil. The films were deposited with plasma sputter deposition. To obtain

more space between the crystallites, part of the sample was masked during Ta

sputtering. The resulting sample consists of NaTaO3 nanocrystals on Pt, with

the distance between the crystals increasing with increasing distance from where

the edge of the Ta film was before reaction with NaNO3. Kelvin probe force

microscopy (KPFM) measurements, described below, were performed several

tens of microns away from this edge.

The crystal structures present in the samples were elucidated with X-ray

diffraction (XRD) (Bruker D8 DISCOVER with Göbel mirror). Sample mor-

phology was examined with field emission scanning electron microscopy (SEM)

(JEOL, JSM 6301F).

PEC measurements were performed in 1 M NaOH using an EG&G 263a

potentiostat and a custom built PTFE cell, similar to cell described in [145],

with a quartz window facing a 3 mm hole. The sample is pressed from the

outside on an o-ring surrounding this hole. A Ag/AgCl/saturated KCl reference

electrode (ALS, RE-1CP) and a Pt counter electrode were used, and N2 was

flushed continuously. All voltammograms are obtained at 50 mV/s. In a long

photocurrent measurement, the N2 flow was reduced to 30 ml/h to minimize

water evaporation and to increase the H2 concentration for easier detection. H2

was detected by continuously sampling a small amount of gas from the outlet

into a vacuum chamber equipped with a mass spectrometer (MKS, VAC-CHECK

LM78). It was checked that the measured H2 partial pressure is proportional with

the H2 concentration in the sampled gas mixture. Hence, when sampling from

the outlet of the PEC cell during water splitting, this signal is proportional to the

H2 flow rate coming from the cell.

Kelvin probe measurements were performed in air with a Multimode 8 with

Nanoscope V controller and Signal Access Module (Bruker). The microscope

is situated in air on a vibration isolation table (Minus K, BM-4) in an acoustic
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isolation chamber, which is temperature stabilized at 303 K. On NaTaO3 films

on Ta foils “macroscopic” Kelvin probe measurements were performed with a

TiN coated probe (NT-MDT, FMG01TiN). This was done by first engaging in

standard tapping mode, then withdrawing the probe to about 16 µm, and per-

forming closed loop amplitude modulation (AM) KPFM at this distance. See

e.g. Ref. 72 for a detailed description of KPFM methods. Electric modulation

was done at the first resonance with an amplitude of 2 V. On the sample with iso-

lated NaTaO3 nanocrystals, closed loop frequency modulation (FM) KPFM mea-

surements were performed with a PtIr coated probe (Bruker, SCMPIT). Sample

topography was measured with standard tapping mode. The FM-KPFM mea-

surements were performed at a lift height of 100 nm using phase modulation de-

tection with mechanical excitation at the resonance frequency and electric mod-

ulation at 2 kHz with an amplitude of 4 V.

All illumination was done with a mercury arc lamp with deep UV reflector,

quartz fiber and lens (Ushio, SP9-250DB, AF fiber, P-lens). Stated irradiances

are based on the specified maximum irradiance of 2.0 W/cm2 at a distance of

30 mm from the lens and the set percentage of output power. About half of this

power comes in photons with energy greater than the reported[10, 19] 4.0 eV

band gap of NaTaO3. Wavelength resolved measurements were performed by

placing a monochromator (Oriel 77250, with 250 nm grating Oriel 77296) be-

tween the lamp and the fiber, resulting in a ∼10 nm spectral window. To de-

termine the incident photon to current efficiency (IPCE), the number of photons

hitting the sample per unit of time was determined by measuring the power go-

ing through the hole in front of the sample using a calibrated photodiode (Thor-

labs, S120VC) and converting this power to the number of photons, assuming

as wavelength the center of the spectral window. This number was kept fixed to

4.0± 0.2× 1013 photons per second by adjusting the output power of the lamp.

Based on the 3 mm diameter of the hole, this corresponds to a photon flux of

about 6× 1014 s−1cm−2.

Kelvin probe measurements with monochromatic light were performed with

the same configuration and settings of the lamp, monochromator and fiber, but

with the lens mounted about 3 cm from the sample, and making an angle of inci-

dence on the sample of 60◦. The photon flux in these measurements is therefore

about half the photon flux of the wavelength resolved PEC measurements.

6.3 Results and discussion

The top view SEM image of a NaTaO3 photoelectrode in Fig. 6.1(a) and the

cross section in (b) show that the NaTaO3 forms a polycrystalline thin film and a

flat interface with the underlying Ta. The morphology, as well as the crystallite

size and cubic shape are very similar to the results of Suzuki et al. who developed
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(a)

(b)

1 µm

500 nm

NaTaO3

Ta

Figure 6.1: (a) Top view and (b) cross section SEM image of a NaTaO3 thin film

on Ta.

the used synthesis method [137].

Fig. 6.2 shows the XRD spectrum of a typical sample. The positions of the

peaks correspond well with the powder diffraction files of perovskite NaTaO3

(ICDD PDF 25-0863) and Ta (ICDD PDF 04-0788), indicating that the sample

is indeed a NaTaO3 film on Ta. The peak at 51◦ is probably caused by the

presence of a small amount of Ta4O, which has its first large peak at this position

(ICDD PDF 42-1188). The presence of this compound in samples made with

this method was also observed by Suzuki et al. [137].

Fig. 6.3(a) shows the bias free water splitting photocurrent generated by a

NaTaO3 photoelectrode connected to a Pt counter electrode under 0.4 W/cm2

irradiation, which was switched alternatingly 4 hours on and 4 hours off. The

direction of the current corresponds to water oxidation at the NaTaO3 surface,

i.e. it is a photoanode. This suggests that it has a surface space charge layer with

upward band bending as expected for an n-type semiconductor. The correspond-

ing schematic energy diagram is shown in Fig. 6.4. The photocurrent shown in
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Figure 6.2: XRD pattern of a NaTaO3 photoelectrode on Ta foil. Diffraction

peaks of NaTaO3 (△) and Ta (∗) are indicated.

Fig. 6.3(a) is initially slowly decreasing, but after three 4 h periods with illumi-

nation on, the current is nearly stabilized at about 70% of the starting value. The

apparent noisiness in the signal is due to oxygen bubbles growing on the sample

surface. These reduce the photocurrent until they detach from the surface and

the current jumps up. Then a new bubble starts to grow and the cycle continues.

During this experiment, nitrogen flow was reduced to 30 ml/h and from the out-

let a small amount of gas was sampled into a vacuum chamber equipped with

a mass spectrometer system. The measured H2 flow rate coming from the PEC

cell is shown in 6.3(b), clearly demonstrating that H2 is produced without any

external bias.

Voltammograms of the NaTaO3 photoelectrode in dark and under UV illu-

mination are shown in Fig. 6.5. The solid lines are obtained with a fresh sample,

the dashed lines are obtained several days after the stability test shown in Fig.

6.3, in fresh electrolyte. Similar results were also obtained directly after the sta-

bility test. In dark, the water oxidation current is blocked, at least up to 1.5 VRHE,

while under illumination, there is a clear generation of water oxidation photocur-

rent. Comparing the results obtained with the fresh sample to the results obtained

after the stability test, it appears that the oxidation photocurrent magnitude is re-

duced by a similar amount as the bias free photocurrent in Fig. 6.3, and the

onset potential is increased from -0.4 VRHE to about -0.3 VRHE. Water reduction

current flows both in dark and under illumination and after the stability test its

magnitude and onset potential are significantly increased. Also, the oxidation

photocurrent onset potential has become the same as the reduction current onset

potential, which shows that at this potential the band edges of NaTaO3 amply

straddle the water reduction and oxidation potentials.

The difference in behavior before and after the stability test cannot be ex-

plained by disintegration of the NaTaO3 film and exposure of the underlying Ta

foil, because the blocking of the oxidation current in dark is still equally effective
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Figure 6.3: (a) Zero bias photocurrent produced by a NaTaO3 photoelectrode

with a Pt counter electrode under 0.4 W/cm2 irradiance, which was switched

alternatingly 4 hours on and 4 hours off. (b) H2 flow rate coming from the PEC

cell.

as in the fresh sample. Rather, the shift of the reduction current and oxidation

photocurrent onset potential suggests that the flat-band potential is shifted, which

could be caused, by a change in the amount of surface states. Because this can

also influence the photoexcited charge separation efficiency, the surface recom-

bination rate and the relation between applied voltage and band bending, this

might also explain the observed changes of the reduction current and oxidation

photocurrent.

The solid line in Fig. 6.6 is a voltammogram of the NaTaO3 photoelectrode,

obtained after the long measurement shown in Fig. 6.3, under 0.2 W/cm2 irradi-

ance, which was switched alternatingly 2 s on and 2 s off. The dashed line is the

result obtained under this irradiance continuously on, similar to the dashed blue

line shown in Fig. 6.5. No transients are observed upon switching the light on

or off. This indicates that, in the probed time scale, the water oxidation kinetics

is sufficiently fast to prevent the build up of photo-generated holes at the surface

[17], which is likely the result of the valence band being well below the water

oxidation potential. In contrast, in the zero bias measurement, Fig. 6.3, pro-

nounced transients are visible upon switching the light. Presumably then, these

are caused by the slow reaction kinetics of the water reduction at the Pt electrode
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Figure 6.4: Schematic energy diagram of the NaTaO3 photoelectrode in dark

and under illumination. The conduction band edge Ec and valence band edge

Ev in dark are depicted by solid lines, and under illumination by dashed lines,

illustrating that the band bending is reduced by illumination. The Fermi level EF

in dark is depicted by a solid line and under illumination it splits up into electron

and hole quasi Fermi levels depicted by the dashed lines labeled with EF,n and

EF,p, respectively. The energy difference between the Fermi level in the metal

and the hole quasi Fermi level at the surface has to be larger than 1.23 V for

water splitting. The SPV measured with a Kelvin probe is equal to the change in

surface band bending upon illumination, which can be smaller than 1.23 V even

when water splitting is possible.

[146], which do not play a role in Fig. 6.6 where the NaTaO3 photoelectrode

potential with respect to the reference electrode potential is controlled by the

potentiostat.

To obtain a more detailed picture of the water splitting capabilities of the

NaTaO3 photoelectrodes, the IPCE was determined as a function of wavelength

through photocurrent spectroscopy, both without bias and at 1.23 VRHE. In both

cases the results, shown in Fig. 6.7, show a photocurrent onset at 310 nm, which

agrees well with the reported band gap of 4.0 eV [10, 19]. Without bias, the IPCE

reaches 12% at 250 nm, while at 1.23 VRHE it is only 2% higher. However, in

Fig. 6.3(a) the final bias free photocurrent under 0.4 W/cm2 irradiation is about

the same as the photocurrent of the sample after the stability test in Fig. 6.5 at

1.23 VRHE under 0.2 W/cm2 irradiation. This suggests that under illumination

with the complete spectrum, on average, the IPCE without bias is about half of

the IPCE at 1.23 VRHE. Presumably, the difference with the photocurrent spec-

troscopy measurements is caused by the fact that in the latter the irradiance is

much less, leading to current densities that are two orders of magnitude smaller,

such that the slow kinetics of the Pt counter electrode does not significantly hin-
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Figure 6.5: Voltammetry of a NaTaO3 photoelectrode under different UV inten-

sities. The solid lines are obtained before the long measurement, shown in Fig.

6.3, and the dashed lines after. To enable a more detailed view of the results, the

two voltage ranges leading to positive and negative currents are separated into

panel (a) and (b), respectively.

der the photon to current efficiency.

To further investigate the optoelectronic properties of the NaTaO3 photoelec-

trodes, a variety of Kelvin probe photovoltage experiments were performed. A

Kelvin probe measures the work function difference between a sample and a

metallic probe, which is called the contact potential difference (CPD) [72, 78].

The sign definition is taken such that the CPD increases with increasing sam-

ple work function. Assuming that the probe work function is not altered by the

illumination, the surface photovoltage (SPV), defined as the CPD under illumi-

nation minus the CPD in dark, corresponds to the sample work function under

illumination minus the sample work function in dark. Then, the SPV is equal the

photo-induced change in voltage drop between the electrode surface and back

contact [147], as illustrated in Fig. 6.4.

“Macroscopic” Kelvin probe SPV measurements on the NaTaO3 photoelec-

trodes showed very slow dynamics: after switching light on, relaxation times are
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Figure 6.6: Voltammogram of a NaTaO3 photoelectrode under 0.2 W/cm2 irradi-

ance. The dotted line was obtained under continuous irradiation, while the solid

line was obtained while switching it alternatingly 2 s on and 2 s off.
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Figure 6.7: Wavelength resolved IPCE and surface photovoltage SPV of an

NaTaO3 photoelectrode. Note that the SPV axis is inverted for easy comparison.

typically on the order of minutes, while subsequently switching the light off, the

relaxation takes over four days. Such long relaxation times are not uncommon in

large band gap materials and are generally attributed to trap states [44, 148, 149].

Nevertheless, when going from a stabilized CPD under monochromatic 280 nm

illumination to dark, an increase of the CPD of 0.7 V in 100 h was observed (data

not shown).

It should be noted that the SPV measures the change in band bending. This
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can be smaller than the minimum required voltage for water splitting of 1.23 V,

even though the sample is able to split water without application of an additional

bias. The quasi Fermi level of holes at the NaTaO3 surface determines the driving

force for water oxidation and the Fermi level at the metal back contact determines

the driving force for water reduction [9, 16]. Hence, the difference between the

hole quasi Fermi level at the surface and Fermi level at the back needs to be larger

than 1.23 eV for water splitting to be possible. Although there is a complicated

relation between this difference and the SPV [147], it does not need to be equal,

as illustrated in Fig. 6.4. This is made most clear by the example given by Kronik

and Shapira [147], of an “ideal” semiconductor sample without any surface and

bulk trap states, no surface band bending, and no difference in electron and hole

mobility. Such a sample, would produce zero SPV, while the difference between

the hole quasi Fermi level at the surface and the Fermi level in the back contact

can be considerable.

Fig. 6.8 shows the CPD as a function of time while switching monochro-

matic light alternatingly 16 s on and 16 s off for several different center wave-

lengths. The average CPD increases with decreasing photon energy, while its

variation due to illumination modulation reduces. The chronological order of the

measurements was from small to longer wavelengths, as indicated by the arrow.

No irreversible sample decay was observed over time, such that these results

were very reproducible. At 365 nm, no photo response occurs, leaving the CPD

to relax very slowly, as in dark. Hence, at this wavelength the SPV is zero. At

the other wavelengths, the CPD goes down when switching the light on, hence

the SPV is negative. To quantify this SPV as a function of wavelength, the mean

of the CPD differences between each minimum and its previous maximum was

calculated. The result is shown in Fig. 6.7 as green triangles.

A negative SPV corresponds to a reduction of upward band bending. This

is the expected behavior for n-type semiconductors with surface states. Hence,

these experiments support the idea that the NaTaO3 is an n-type material and that

it has surface states. The fact that we find values up to 0.7 V in the long SPV

measurements, shows that the upward band bending in dark is at least 0.7 V. The

traces in Fig. 8 that were used to quantify the SPV dynamically, clearly demon-

strate the slow relaxation of the CPD. This shows that there are trap states that

influence the band bending. The SPV as a function of wavelength, shown in Fig.

6.7, has an onset at longer wavelengths than the photocurrent onset (∼15 nm).

This shows that excitation of states at energies within the band gap is taking

place, which contributes to the SPV, but negligibly to the water splitting pho-

tocurrent.

We now discuss the observations on the isolated NaTaO3 nanocrystals on Pt.

Fig. 6.9 shows a top view SEM image of such a sample. The cubic shapes and

the size distribution of the crystals, with vertex lengths ranging in size from 50
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Figure 6.8: The CPD as a function of time while switching monochromatic light

alternatingly 16 s on and 16 s off for different center wavelengths, as indicated

on the right. The arrow indicates the chronological order in which the different

traces were obtained. These traces are reproducible.

500 nm

Figure 6.9: SEM image of NaTaO3 crystallites on Pt.

to 400 nm, is very similar to the interconnected crystals forming the closed films

obtained on Ta foils. Water splitting experiments with nanocrystal samples were

unsuccessful, because detachment of the crystals from the Pt under the harsh

aqueous and illumination conditions. Nevertheless, we found that Kelvin probe

experiments in air were possible.

Fig. 6.10(a) shows the AFM topography of a Pt area with two isolated cubic

NaTaO3 nanocrystals of very similar size, with vertices of about 0.2 µm. The
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Figure 6.10: AFM topography and FM-KPFM CPD images of NaTaO3

nanocrystals on Pt. To obtain the horizontal traces shown in Fig. 6.11, the data

in the white boxes was vertically averaged.

edges appear round, due to convolution in the topography measurements of the

sample topography with the shape of the tip of the PtIr coated probe, which has

a nominal radius of 25 nm. Fig. (b) shows the FM-KPFM results on this area

obtained under monochromatic UV light centered at 280 nm. Directly after this

measurement, the light was switched off and the result shown in (c) was obtained

within 9 minutes. After the sample was kept in dark for 20 h, the result shown in

(d) was obtained. Similar results were obtained on other ensembles of NaTaO3

nanocrystals on Pt.
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Figure 6.11: Horizontal traces of the CPD obtained by vertically averaging the

data inside the white boxes shown in Fig. 6.10(b-d).

Fig. 6.11 shows horizontal traces of the CPD obtained by vertically averag-

ing the data inside the white boxes shown in Fig. 6.10(b-d). The CPD difference

between the Pt and NaTaO3 crystallites goes from 0.5 V under 280 nm illumina-

tion to 0.07 V after 20 h in dark, clearly demonstrating the generation of electric

potential between the two materials under illumination. However, as pointed out

above, this does not give direct information on the hole quasi Fermi level, which

determines a significant part of the free energy for driving water splitting. In-

stead, it shows the change in band bending caused by the spatial redistribution

of charge, see Fig. 6.4.

Because NaTaO3 can split water dispersed as a powder, it could be expected

that a single NaTaO3 crystallite drives opposite charges to different crystal facets.

The absence of clear SPV differences between different crystal facets in Fig. 6.10

suggests that this is not the case. We have performed further KPFM studies of

NaTaO3 that support this finding and it is in agreement with recent work of Zhang

et al. [30] who demonstrate that the exposed crystal facets of NaTaO3 crystallites

with cubic shape are equivalent and that there is no preferential photo-deposition

of noble metals and metal oxides on certain facets.

6.4 Conclusion

We find that the facile synthesis method for NaTaO3 thin films on Ta, developed

by Suzuki et al. [137], provides good electrical back contact, enabling photo-

electrochemical and Kelvin probe photovoltage measurements. Connected to a

Pt counter electrode, the NaTaO3 acts as a photoanode, capable of driving a wa-
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ter splitting photocurrent under UV illumination without bias. The photocurrent

initially decays, but stabilizes at about 70% of the starting value. Cyclic voltam-

metry of the stabilized photoelectrode under UV shows a steep water oxidation

photocurrent onset at -0.3 VRHE, while directly below this potential water reduc-

tion sets in. This demonstrates that at this potential the band edges of NaTaO3

amply straddle the water reduction and oxidation potentials. Photocurrent spec-

troscopy shows an absorption onset of 310 nm, which agrees with reported values

of the NaTaO3 band gap. At 250 nm an incident photon to current efficiency at

1.23 VRHE of 14% is obtained. Without bias it appears to be only 2% lower.

However, in the latter configuration the Pt counter electrode appears to become

a limiting factor at higher photon flux, resulting in lower efficiency.

Kelvin probe surface photovoltage measurements in air show surface pho-

tovoltages less than 1.23 V. The apparent lack of potential for water splitting is

explained by the Fermi level splitting, which provides the free energy, while it

is not reflected in the surface photovoltage. Photovoltage spectroscopy shows

a somewhat higher absorption onset (∼15 nm) than photocurrent spectroscopy

and long relaxation times, indicating the presence of trap states that do not sig-

nificantly contribute to a photocurrent. In addition, we demonstrate the growth

of isolated NaTaO3 cubic nanocrystals on Pt, with vertex lengths ranging in size

from 50 to 400 nm. FM-KPFM measurements with and without UV on these

crystals clearly visualize a lateral photovoltage generation between the two ma-

terials.

Band gap narrowing through doping has been demonstrated manifold for

NaTaO3 powders, but has not yet resulted in significant solar to hydrogen energy

conversion efficiency. This strategy could be more successful in an electrode

configuration such as used in this work, because this relaxes some of the mate-

rial requirements in comparison to single particle water splitting. In any case,

the NaTaO3 photoelectrodes studied in this work provide a suitable platform for

detailed studies of NaTaO3, the effect of dopants, as well as the mechanisms of

co-catalysts.
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Chapter 7

Limits on the surface photovoltage variations

generated on NaTaO3 determined by KPFM

abstract - NaTaO3 powder splits water under UV illumination, hence it could be

expected that it generates significant photovoltage variations on its surface. By

mapping this with Kelvin probe force microscopy (KPFM), detailed information

of the internal charge separation mechanism might be obtained. However, we

perform a variety of KPFM methods on NaTaO3 thin films and do not measure

photovoltage variations. From the results, we calculate upper limits for the real

surface photovoltage difference between crystallite facets by taking the sensitiv-

ity and resolution of the employed methods into account, which in the most strin-

gent case is 19 mV. Similarly, using published results, we calculate upper limits

from for the real surface photovoltage difference between crystal edges and the

rest of the sample, which in the most stringent case is 72 mV. These results are in

accordance with recent work of others that demonstrates that the exposed crystal

facets of NaTaO3 crystallites with cubic shape are equivalent and that there does

not appear to be spatial charge separation between these equivalent facets.
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7.1 Introduction

As discussed in chapter 1, significant photovoltage variations might be expected

on the surface of NaTaO3, since as a powder it is able to split water under UV

illumination. By mapping these variations with KPFM, detailed information of

the internal charge separation mechanisms might be obtained. This chapter de-

scribes our attempts to obtain such maps on NaTaO3 with a variety of KPFM

methods.

Recently, Zhu et al. measured surface photovoltage (SPV) differences on

different crystal facets of BiVO4 single crystallites using KPFM in air, revealing

influence of a built-in electric field on photoinduced charge transfer [150]. Here,

we discuss similar KPFM experiments performed on undoped bare NaTaO3that

do not reveal such effects, suggesting that in this case there is no influence of

a built-in electric field. Importantly, Zhang et al. [30] recently, i.e. after most

of the experimental work presented here was done, demonstrated that the six

exposed crystal facets of NaTaO3 crystallites with cubic shape are equivalent and

that there is no preferential photo-deposition of noble metals and metal oxides,

suggesting that there is no spatial charge separation between these equivalent

facets. Hence, our work essentially provides additional support for the validity

of their results and conclusions.

Although undoped bare NaTaO3 particles are able to split water [24], a NiOx

co-catalyst and La-doping are required to truly stand out among other powder

water splitting systems with the record quantum yield of 56% [10, 19]. Zhang et

al. [30] also elucidated the in-situ formation of Ni and NiO dual co-catalysts on

NaTaO3, which presumably act as water reduction and oxidation sites, respec-

tively. However, clear demonstration of the nature of these sites and the gen-

eration of a driving force for charge separation between them has not yet been

given. The methods applied here could be useful in the further understanding of

the role and mechanisms of NiOx co-catalyst and La-doping, but this requires

suitable samples, as we also briefly discuss.

7.2 Experimental methods

Polycrystalline NaTaO3 thin films on Ta foil were made using the procedure of

Suzuki et al. [137], which is described in section 6.2. There, also the KPFM

methods and the setup for 280 nm monochromatic illumination are described.

All measurements presented here were obtained with TiN coated probes (NT-

MDT, FMG01TiN). In this chapter, the sign of the Kelvin feedback potential

VK is defined such that an increase in its value corresponds an increase in the

contact potential difference (CPD) and hence, to an increase in the sample work

function.

86



Chapter 7. Limits on the surface photovoltage variations generated on NaTaO3

determined by KPFM

NiOx co-catalyst was deposited on NaTaO3 in one or more cycles consisting

of spin coating 10 mM Ni(NO3)2 in ethanol at 2000 rpm and subsequently baking

at 623 K on a preheated hotplate with cover (Harry Gestigkeit, PZ 28-3TD).

7.3 Relating KPFM results to “real” SPV differences

Potential variations mapped with KPFM are not the same as the actual lateral

work function or SPV variations existing on a sample surface, because of the

limited resolution and sensitivity. Ideally, a deconvolution is performed [151–

153], but this requires some approximation for the kernel of the system, which

is especially difficult on rough samples such as the polycrystalline NaTaO3 films

considered here. Instead, we adapt the weighted average model developed in

chapter 4 to calculate an upper bound for the actual work function and SPV

difference between the investigated crystal facets from the KPFM data. For pos-

sible one-dimensional lines with a different work function, which might exist

along edges or grooves, we obtain upper bounds using work of Sadewasser et al.

[105].

The idea is to model the polycrystalline NaTaO3 as a flat sample with two

different work functions Φs1 and Φs2 distributed over its surface in nearly equal

amounts. An example of such a distribution is a checkerboard, such as illustrated

in Fig. 7.1. The different types of surface area represent two types of NaTaO3

crystallite facets that have a different work function. In the weighted average

model developed in chapter 4, the probe was divided in two patches, a cone plus

cantilever patch and a spherical cap patch at the tip of the cone. These were

given two different work functions to model the effects of an inhomogeneous

probe. Here, we consider a homogeneous probe, i.e. Φt = Φc = Φp, and use

the weighted average model to calculate an upper bound for the Kelvin feedback

voltage difference ∆VK measured between the areas with Φs1 and Φs2 on the

polycrystalline NaTaO3 model.

In the derivation of Hudlet et al. [119] of the electrostatic force between the

sample and the probe, the electric field lines ending on one side on the spherical

cap at the tip, end on the other side on the sample in a circular area directly

underneath the tip with radius

r =
z +R(1− sin θ)

cos θ
. (7.1)

Hence, the spherical cap essentially interacts only with this circular area. We first

take exactly this area to be a sample patch with work function Φs1, as outlined by

the red dashed line in Fig. 7.1. On the other hand, the electric field lines ending

on one side on the cone and the cantilever, end on the other side on a large area

of the sample, except for the circular area of radius r directly underneath the tip.
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Figure 7.1: A possible distribution of the two work functions Φs1 and Φs2 on

the sample, indicated by black and white areas, respectively. The red circle un-

der the probe, whose gray surface indicates its homogeneous work function Φp,

indicates the circular patch on the sample that interacts only with spherical cap

that represents the tip of the probe, and vice versa.

Hence, the cone and cantilever essentially interact with the rest of the sample,

and not with the circular patch. We take the electrostatically weighted average

work function difference between the cone and cantilever combination and the

sample to be equal to Φp − (Φs1 + Φs2)/2.∗ Combining the interaction of the

spherical tip and the remainder of the probe using Eq. (4.5), we can write for the

potential measured with AM-KPFM

VK1 =
wts (Φp − Φs1) + wcs (Φp − (Φs1 +Φs2)/2)

e (wts + wcs)
, (7.2)

where the weights are given by Eqs. (4.6) and (4.7). We can do the same for

the potential measured above a circular patch of radius r with work function

Φs2. The resulting expression for VK2 is the same as Eq. (7.2)), but with Φs1

replaced by Φs2. The potential difference measured between the two types of

circular patches of radius r, one with work function Φs1 and the other with work

function Φs2, is then equal to

VK2 − VK1 =
wts

e (wts + wcs)
(Φs1 − Φs2) . (7.3)

Similarly, consider light induced work function changes ∆Φs1 = Φ
light
s1 −

Φdark
s1 and ∆Φs2 = Φ

light
s2 − Φdark

s2 , which we refer to as the “real” SPVs. Then

∗For the configuration depicted in Fig. 7.1 this is not exactly the true, but in principle it can be

realized with a small alteration of the work function checkerboard pattern.
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the difference between the SPV measured above a circular patch of radius r with

work function change ∆Φs2, i.e. VSPV2, and the SPV measured above a circular

patch of radius r and work function change ∆Φs1, i.e. VSPV2, is equal to

VSPV2 − VSPV1 =
wts

e (wts + wcs)
(∆Φs1 −∆Φs2) . (7.4)

We will refer to expressions (7.3) and (7.4), with the weights given by Eqs. (4.6)

and (4.7), as the sample patch model. In calculations below, we use R = 35 nm

and all other parameters as specified in chapter 4. This model can also be applied

to FM-KPFM measurements by replacing the weights w by the weights v, as

explained in chapter 4. It should be noted that in Eq. (7.4) it is assumed that the

weights are not affected by the illumination.

For the relevant lift heights z ≤ 50 nm, Eq. (7.1) gives r ≤ 78 nm for the

radius of the circular sample patch in the model. By a lucky coincidence a patch

with r = 78 nm is of similar size as the NaTaO3 crystal facets investigated,

but somewhat smaller, as in the configuration depicted in Fig. 7.1. For larger

patches directly under the probe tip, the relative weight can be expected to be

larger than for the circular patch with radius r. Therefore, in this case Eq. 7.3

underestimates |VK2 − VK1| for a given |Φs2 − Φs1|. Hence, for a certain ∆VK

measured between the crystal facets, Eq. (7.3) overestimates the work function

difference. Similarly, for a certain measured SPV difference, Eq. (7.4) provides

an overestimation of the real SPV difference. Since no VK and SPV difference is

measured between the crystal facets, as discussed below, we insert the maximum

non-observed VK and VSPV variations to calculate upper bounds for the work

function and real SPV difference between the crystal facets.

It is also possible that work function or SPV differences exist at the crystal

edges or grooves, which have practically one-dimensional geometry. Sadewasser

et al. in Ref. [105] performed calculations and experiments to determine the full

width half maximum (FWHM) and relative peak height when scanning perpen-

dicular over a line with a different work function with AM-KPFM. The relative

peak height is defined as the ratio between the real work function difference be-

tween the line and the rest of the sample and the measured eVK difference. We

cannot apply this relation to our measurements at 50 nm lift height, because the

FWHM is too large for our samples. However, we can apply it to our measure-

ment performed at 5 and 8 nm, in which case the FWHM was found to be about

25 to 35 nm and relative peak heights about 1/8 and 1/10, respectively. It should

be noted that the considered probe geometry is similar to the specified geometry

for the TiN probe used here, but not exactly the same.
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7.4 Results and discussion

As discussed in chapter 4, when studying a sample with a rough surface the risk

of topography correlated artifacts (TCAs) in KPFM should be considered with

great care. Otherwise, lateral variations in the Kelvin probe feedback potential

VK that are actually TCAs can easily be misinterpreted as material surface prop-

erties. The methodology to prevent TCAs, described in section 4.3, eventually

lead us to measure negligible VK variation with AM-KPFM on polycrystalline

NaTaO3 thin films on Ta. As a consequence, significant potential variations mea-

sured in earlier AM-KPFM experiments, which were then interpreted as actual

CPD variation, could now be identified as TCAs. This issue is exposed very well

by the results on a polycrystalline NaTaO3 thin film on Ta foil shown in Fig.

7.2. Here, panel (a) shows the AFM topography, (b) the tapping mode amplitude

error, and (c-d,f-g) the maps of the Kelvin feedback potential VK , obtained at

a lift height of 50 nm and with an excitation amplitude of 2 V, with (c,f) and

without (d,g) monochromatic 280 nm illumination. The mean VK is subtracted

to enable comparison of lateral variations within the same color scale. Panel

(e) shows the SPV map obtained by subtracting the VK maps with and without

illumination corresponding to (c) and (d) without first subtracting their means.

Likewise, panel (h) shows the SPV map obtained by subtracting the VK maps

with and without illumination corresponding to (f) and (g), respectively.

In chapter 6, the significant ‘macroscopic’ SPV generated by these films and

its slow response to switching the illumination on and off was discussed. The

KPFM maps in (c-f) are obtained after almost complete stabilization of VK . At

first, there is little lateral VK variation, up to about 15 mV, both in dark (c) and

under illumination (d). Also the SPV map in (e) shows little lateral variation, up

to about 20 mV. This result was repeatable, until at some instant, when the light

was switched on, significantly larger lateral VK contrast appeared, both under

illumination (f) and in dark (g). Since this increased contrast clearly correlates

with the topography and since at first these variations were not present, these

are clearly TCAs. Likely, the appearance of these artifacts was caused by an

accidental tip change that made the probe inhomogeneous, which, as described

in chapter 4 can be a major cause for TCAs. Nevertheless, the SPV map in (h)

obtained from (f) and (g) still shows little lateral variation, albeit somewhat larger

than in (e). The difference in the magnitude of the SPV between (e) and (h) is

caused by a different delay time between the measurements with and without

illumination.

The small variations that are already present in Fig. 7.2(c-d), before the tip

change, show some correlation with the topography, hence they could be TCAs

caused by a small inherent probe inhomogeneity. Nevertheless, it can be con-

cluded that the lateral VK variation is not much bigger than 15 mV, and the lat-
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Figure 7.2: AFM topography (a), tapping mode amplitude error (b), and AM-

KPFM VK maps (c-d,f-g) obtained on a polycrystalline NaTaO3 thin film on Ta

foil at a lift height of 50 nm. The mean VK is subtracted to enable comparison

of lateral variations within the same color scale. The SPV map (e) is obtained

by subtracting the VK maps with and without illumination corresponding to (c)

and (d) without first subtracting their means. Likewise, panel (h) shows the

SPV map obtained by subtracting the VK maps with and without illumination

corresponding to (f) and (g). The white dashed box in (a) indicates the area

where the FM-KPFM results shown in Fig. 7.3 were obtained.

eral variation in the VK change upon illumination, i.e. the lateral SPV variation

shown in (e), is not much bigger than 20 mV. This suggests that the difference

in work function, as well as the difference in the light induced work function

change, which we refer to as the “real” SPV, between the NaTaO3 crystal facets

is small. However, due to the limited resolution, it is not directly obvious how

small. We use the sample patch model explained in section 7.3 to calculate an up-

per bound for the work function difference and the real SPV difference between

the crystal facets from our KPFM data. Assuming that lateral work function

variations that lead to VK variations of 15 mV would be distinguishable, it is

calculated that the work function difference between the crystal facets is smaller

than 374 mV. Similarly, assuming that lateral “real” SPV variations that lead to

measured SPV variation of 20 mV would be distinguishable, it is calculated that

the “real” SPV difference between the crystal facets is smaller than 365 mV.

FM-KPFM provides higher lateral resolution [101, 110] and therefore could
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Figure 7.3: FM-KPFM VK maps obtained in the area indicated by the white

dashed box in Fig. 7.2 at a lift height of 80 nm. The mean VK is subtracted to

enable comparison of lateral variations within the same color scale. The arrow

on the right of each panel indicates the slow scan direction, as explained in the

text.

reveal work function and SPV variations that are not visible with AM-KPFM.

Fig. 7.3 shows in chronological order the FM-KPFM VK maps obtained in the

area indicated by the white dashed box in Fig. 7.2(a) at a lift height of 80 nm and

with an excitation amplitude of 5 V . Fig. 7.3(a-g) were obtained before and (h-l)

after the TCAs appeared in the AM-KPFM measurements, i.e. before and after

the results shown in Fig. 7.2 were obtained. The scan area contains the outward

pointing corner of a relatively large cubic crystallite forming a triangular pyra-

mid, and thus contains the three crystal facets of the cubic crystallites. In these

measurements, the sample is illuminated with either monochromatic 280 nm il-

lumination, which is super-bandgap illumination (Eph < Eg) or monochromatic

365 nm illumination which is sub-bandgap illumination (Eph > Eg), or it is in

dark. As shown in chapter 6, monochromatic 365 nm illumination does not pro-

duce a SPV and, hence, it is similar to situation in dark. As in Fig. 7.2, the mean
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VK is subtracted to enable comparison of lateral CPD variations within the same

color scale. Each map is obtained in 28 minutes by scanning the area line per

line. The black arrow on the right of each panel indicates the slow scan direction,

i.e. the direction in which each subsequent pixel is part of the next scan line.

Initially, under sub-bandgap illumination the two crystal facets on the left

side of the image give a VK that is larger than the crystal face on the right side,

as shown in Fig. 7.3(a-b). When the light is changed to super-bandgap illumi-

nation, the shape of the VK variation changes and overall the contrast reduces,

as shown in panels (c-d). Together, these four scans suggest that there is a work

function difference between the crystal facets under equilibrium in dark, which

is reduced upon excitation of electron hole pairs under illumination. However,

when switching the light back off, the initially observed VK variation shown in

panels (a-b), does not return, as shown in panels (e-f). Also after waiting one

day in dark, it does not return, as shown in panel (g). Seven days later, after the

AM-KPFM results shown in Fig. 7.2 had been obtained, the initial VK variation

shown in Fig. 7.3(a-b) is still not observed in dark, as shown in panel (h). Next,

the sample is again illuminated with super-bandgap photons and give the results

shown in panels (i-j), showing no clear change compared to the situation in dark

shown in panels (g-h). Subsequently, with sub-bandgap illumination, the lateral

VK variation, shown in panel (k-i), is again much smaller than initially in (a-b).

We note that after the results shown in Fig. 7.3(a-b) were obtained, the shape

of the lateral VK variations does not reproduce well, neither under sub-bandgap

illumination and in dark, nor under super-bandgap illumination. Partly, the vari-

ation in the shape of the VK contrast appears to reflect the slow scan direction;

when super-bandgap illumination is switched off, VK takes significant time to

go back up to its equilibrium value (as discussed in chapter 6), and, hence, re-

sults in a value that is increasing in the slow scan direction. When switching

super-bandgap illumination on, this effect would be reversed. Although it was

found that in this case the time to reach a constant VK is significantly less, this

reversed effect does appear to be present in the results shown in panels (c-d)

and to a lesser extent in in the results shown in panels (i-j). The changes in

the shape of the VK contrast in the horizontal direction cannot be explained by

this effect, because they do not follow the corresponding directions. Instead, if

(part of) these potential variations are actually TCAs caused by probe inhomo-

geneity, then these changes in the shape of measured potential variations might

be explained by changes of the probe inhomogeneity, such as position or shape

of inhomogeneous areas on the probe. This effect could be more pronounced

in FM-KPFM, because in this method the influence of long range electrostatic

interactions is much reduced compared to AM-KPFM [101, 110], and thus FM-

KPFM can be expected to be more sensitive to the precise orientation of inhomo-

geneities very close to the probe tip. Possibly, also the large potential contrast

93



7.4. Results and discussion

shown in panels (a-b) that cannot be reproduced, might be TCAs caused by a

probe inhomogeneity that is irreversibly changed. Due to these issues, in partic-

ular the poor reproducibility and TCAs, it is unfortunately not possible to draw

useful conclusions from the results shown Fig. 7.3.

The methods discussed above have certain issues. The attempts to detect

lateral variation in SPV generation described above, rely on long term stabiliza-

tion of VK after changing the illumination. Lateral variation in a fast component

of the SPV might be obscured by the larger slow component. Also, as pointed

out above, when VK is not fully stabilized, its gradual change can result in lat-

eral variations, due to the non-instantaneous acquisition of a complete image.

Finally, the sensitivity of AM-KPFM to lateral SPV variations can be signifi-

cantly improved by reducing the lift height, but when scanning on large areas,

as above, small lift height can cause instability of the KPFM measurement and

tip crashes. All these limitations are overcome, to some extent, by performing

AM-KPFM in very small areas on different spots on a crystallite while switch-

ing the illumination at a faster rate. This is similar to the method that enabled

Zhu et al. to measure different SPV values on different crystal facets of BiVO4

[150]†. Here we have performed such dynamic VK measurements, by zooming

in to a 50 nm×50 nm or smaller area at desired locations on a crystallite and

performing a lift mode AM-KPFM measurement while switching the 280 nm

monochromatic illumination alternatingly 16 s on and 16 s off. This produces

results like those shown in Fig. 6.8. There, these dynamic VK measurements

were performed at a probe-sample distance of about 16 µm without topography

feedback, while here we perform them in lift mode with topography feedback,

which enables us to measure at specific locations and at small lift heights. For

each of those locations the measured SPV is calculated from at least 15 illumi-

nation cycles as the mean of the VK differences between each minimum and its

previous maximum. The corresponding standard deviation is used as error bar.

Fig. 7.4(a) shows a topography map of the single crystallite in the area in-

dicated by the white dashed box in 7.2(a). The three numbered spots indicate

where dynamic VK measurement were performed at a lift height of 50 nm with

an excitation amplitude of 2 V. The results, shown in Fig. 7.4 (b) indicate the ab-

sence of SPV differences between the examined locations. Based on the spread

of the error bars, we assume that a difference between the measured SPVs larger

than 7 mV would have been identifiable. Then the sample patch model gives an

upper bound for the real SPV difference between the crystal facets of 128 mV.

This is significantly smaller than calculated above for the data shown in Fig.

7.2(c-d), due to the reduced uncertainty in the measured SPV.

With another TiN coated probe, similar dynamic VK measurements were

†From the schematic drawing of their setup in the Supporting Information of Ref. [150] it is

clear that they used AM-KPFM.
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Figure 7.4: (a) Enlarged image of the AFM topography of the area indicated by

the white dashed box in Fig. 7.2. (b) The SPV measured with AM-KPFM at a

lift height of 50 nm at the three spots indicated in (a) when switching the 280 nm

illumination alternatelingly on and off with a period of 32 s.

performed on another NaTaO3crystallite at 8 nm lift height and an excitation

amplitude of 800 mV. Fig. 7.5(a) shows a topography map of one of them. At

the three indicated spots the SPV results shown in Fig. (b) were obtained, which

again indicate the absence of SPV differences. Based on the spread of the error

bars, we assume that in these measurements a SPV difference larger than 10 mV

would have been identifiable. Then the sample patch model predicts an upper

bound for a real SPV difference between the two crystal faces examined at spot

1 and 3 of 24 mV. This is significantly smaller than the upper limit calculated

above for the data shown in Fig. 7.4, because of the reduced lift height. For

the possibility that the crystal edge passing through spot 2 generates a different

real SPV than the facets we obtain, using the relative peak height of 1/10 as

determined by Sadewasser et al. for 8 nm lift height [105] (see section 7.3), an
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Figure 7.5: (a)AFM topography image indicating spots where the SPV was mea-

sured at a lift height of 8 nm. (b) The SPV measured with AM-KPFM at the three

spots indicated in (a) when switching the 280 nm illumination alternatelingly on

and off with a period of 32 s.

upper limit of 100 mV.

Fig. 7.6 shows analogous results as Fig. 7.5, but in this case the lift height

is 5 nm and the excitation amplitude is 500 mV. Based on the spread of the error

bars, we assume that in these measurements a SPV difference larger than 9 mV

would have been identifiable. Then the sample patch model predicts an upper

bound for a real SPV difference between the two crystal faces examined at spot

1 and 3 of of 18 mV. For the possibility that the crystal edge passing through spot

2 generates a different real SPV than the facets we obtain, using the relative peak

height of 1/8 as determined by Sadewasser et al. for 5 nm lift height [105], an

upper limit of 72 mV.

Employing FM-KPFM at small lift heights could lead higher sensitivity for

small work function or SPV variations, because of its better lateral resolution.
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Figure 7.6: (a)AFM topography image indicating spots where the SPV was mea-

sured at a lift height of 5 nm. (b) The SPV measured with AM-KPFM at the three

spots indicated in (a) when switching the 280 nm illumination alternatelingly on

and off with a period of 32 s.

However, in ambient conditions the noise in the Kelvin feedback potential VK

is generally significantly larger in FM-KPFM than in AM-KPFM. This severely

limits the sensitivity, and we expect that it will not be able give more accurate

results. In vacuum, however, higher sensitivity is possible with FM-KPFM, due

the reduced damping of the motion of the probe, leading to reduced noise in the

Kelvin feedback potential.

As mentioned in the introduction, Zhang et al. [30] demonstrated that the

six exposed crystal facets of cubic NaTaO3 crystallites are equivalent and that

there does not seem to be spatial charge separation between these equivalent

facets. The absence of lateral SPV variation in our KPFM experiments supports

their results and conclusions. However, the fact that NaTaO3particles do split

water, suggests that there should be charge separation. Our results indicate that
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Figure 7.7: (a)AFM topography and (b) the tapping mode phase, measured on a

NaTaO3 thin film sample after NiOx deposition.

an associated difference in work function or light induced work function change

between crystal facets is smaller than 18 mV and between the facets and a crys-

tallite edge smaller than 72 mV.

To obtain the extraordinary high water splitting activity that gained NaTaO3

its considerable renown, NiOx co-catalyst and La-doping are required [19]. Hence,

these modifications must play an important role in the processes required for wa-

ter splitting, such as separation of the photo-excited charges and suppression of

their recombination. Zhang et al. [30] have elucidated the in-situ formation of Ni

and NiO dual co-catalysts on NaTaO3, which presumably act as water reduction

and oxidation site, respectively. However, clear demonstration of the nature of

these sites and the generation of a driving force for charge separation between

them is still lacking. The methods we employed here could be used to achieve

this. Though, this would require proper in-situ formation of the Ni and NiO

dual co-catalyst and sufficient lateral separation between them, which is certainly
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challenging. We performed some preliminary attempts to deposit NiOx islands

with sufficient separation using a spin coating technique. Fig. 7.7(a) shows the

AFM topography and (b) the tapping mode phase, measured on a NaTaO3 thin

film sample after NiOx deposition. The NiOx cannot be recognized in the to-

pography map, but in the tapping mode phase map, and to a lesser extent in the

tapping mode error map (not shown), islands are visible. Considering the goal

of obtaining separate observable co-catalyst islands, this is a reasonable promis-

ing result. The island separation still needs to be a bit larger for the resolution of

AM-KPFM, but for FM-KPFM it might be sufficient. However, we have not per-

formed FM-KPFM on such a sample, because of the reliability issues discussed

above.

It should be noted that other methods might be more suitable for mapping

of the charge separation or the active sites, such as the AFM method of Siretanu

et al. [154], which is able to provide detailed surface properties under aqueous

conditions. Like the experiments of Zhu et al. [150] on BiVO4, our experiments

are performed in air, which raises the question how well the results apply to the

aqueous conditions during water splitting. This question cannot be addressed

easily. Nevertheless, in air generally a water film forms on the surface, such that

there is an interface that is perhaps not so different from a surface in contact with

pure water. And, whereas BiVO4 is generally not applied in pure water, NaTaO3

is. A most effective pursuit of the goals set out in this work, likely consist of a

variety of such suitable methods combined.

7.5 Conclusions

We have attempted to map SPV variations on bare undoped NaTaO3 polycrys-

talline thin films, using a variety of KPFM methods. Since NaTaO3 powder

splits water under UV illumination, it could be expected that SPV variations are

generated on its surface. However, none of the AM-KPFM methods we used

yielded SPV variations. By adapting the weighted average model developed in

chapter 4, we calculate upper limits for the real SPV differences between differ-

ent crystallite facets, which in the most stringent case is 19 mV. Using results

from Sadewasser et al. [105], we calculate upper limits from for the real SPV

differences between crystal edges and the rest of the sample, which in the most

stringent case is 72 mV. The absence of SPV differences is in accordance with

recent work of Zhang et al. [30] that demonstrates that the six exposed crystal

facets of cubic NaTaO3 crystallites are equivalent and that there does not appear

to be spatial charge separation between these equivalent facets. Because bare

undoped NaTaO3 is able to split water, it probably has some charge separation

and active sites, but for crystal facets larger than 78 nm and for the edges where

the facets meet the SPV differences should be smaller than the corresponding ob-
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tained upper limits. FM-KPFM is more promising in terms of lateral resolution,

but in ambient conditions the measured potential contains more noise than AM-

KPFM, such that we expect that it will not be able give more accurate results,

unless it is applied in vacuum.

To obtain the extraordinary high activity for which NaTaO3 is known, NiOx

co-catalyst and La-doping is required. The methods used here might be em-

ployed to obtain a better understanding of the charge separation and catalytic

mechanisms of this enhanced system, but this will require samples with co-

catalyst islands that are sufficiently separated from each other for the KPFM

resolution. We used a spin coating method to deposit NiOx on our NaTaO3 thin

films. With AFM we find that this results in reasonably well separated islands,

possibly suitable for the resolution of FM-KPFM, but for AM-KPFM still larger

separation is required.
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A truly large scale transition to renewable energy obtained from sunlight and

wind will most likely require significant energy storage capacity into fuels. A

possibly promising technological solution is the direct conversion of sunlight

into fuels in devices based on semiconductor materials. The proposed designs

for such devices fall into two main categories, photoelectrochemical cells and

water dispersed powder cells. The first are in a sense a solar cell and electrolyser

integrated together into a single device. The latter can be envisioned as a device

as simple as a bath of water with a powder dispersed in it.

Among the known materials that split water when dispersed as powder, NaTaO3

stands out by its very high quantum yield. That is, however, when the system is

optimized through doping with La and loading with NiO cocatalyst. Without,

the pure NaTaO3 does split water to some extent, but about a factor 126 less than

the optimized system.

In this project we set out to investigate the NaTaO3 system using Kelvin

probe force microscopy (KPFM) and photoelectrochemistry (PEC) as main tools,

with the aim to learn more of the underlying charge separation mechanisms, one

of the main bottlenecks in general for efficient powder water splitting. However,

several issues with respect to measurement artifacts and data interpretation of the

KPFM technique when applied to rough and semiconducting samples, such as

our samples, were unsolved at the start of this project. As a result, much work

has been put into solving these issues and validating the technique.

The application of KPFM on semiconductor materials is common. Neverthe-

less, in literature two competing interpretations existed for the relation between

the measured signal and the semiconductor properties. One being the historical

interpretation as a surface work function difference between sample and probe,

referred to as the contact potential difference, and the other a newly suggested

interpretation in terms of sample bulk properties only. Through theoretical con-

siderations, experiments and comparison of modeling to experimental work of

others, we find that the newly suggested interpretation is generally not suitable

for the analysis of KPFM on semiconductors and that the interpretation in terms

of the contact potential difference should be used.

While investigating an open loop variation of the KPFM technique that might
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be applicable in aqueous conditions, we encountered electronic crosstalk be-

tween the signal driving the electrostatic modulation of the conductive KPFM

probe and the detection signal of the probe response. This is solved by rewiring

the excitation externally, outside the commercial setup, with a shielded cable,

in such a way that we can literally switch the crosstalk on and off. We study

the effect of crosstalk on open-loop KPFM in detail and compare with a regular

closed-loop KPFM method. These experiments show that, when the influence of

electronic crosstalk is eliminated, the open-loop KPFM results are independent

of the frequency and amplitude of the excitation signal and in accordance with

the closed loop results.

Another problem in KPFM is the origin of spurious distance dependence and

topography correlated artifacts. We demonstrate that one of the main causes for

these issues is probe inhomogeneity. This is done by demonstrating that with

amplitude modulation KPFM we can obtain artifact free results with homoge-

neously metal coated probes, while after an inhomogeneity is induced at the

probe tip through contact with the sample, we obtain clear topography correlated

artifacts under exactly the same experimental conditions. In addition, we show

that the before the tip change the distance dependence is negligible, while after

the tip change there is significant distance dependence. Using simple modeling

we explain why these results should be expected. Also with frequency mod-

ulation KPFM, which is generally considered superior, we find that the probe

induced topography correlated artifacts persist, in agreement with our modeling.

Unfortunately, probe inhomogeneity can be induced easily during measurement

through probe sample contact and can even go unnoticed. We present methodol-

ogy that helps prevent this and suggest to use distance dependence measurements

as a check before and after experiments.

For the KPFM and PEC experiments it is necessary to have NaTaO3 thin

films on conducting substrates with proper electric contact. An existing hy-

drothermal method was at first considered a good candidate method. However,

we obtain rapidly disintegrating films with this method. We ascribe this to the

fact that the used chemical process is actually almost the same as documented

etching recipes for Ta, which is the prescribed substrate. Apparently, due to small

differences in the synthesis details, in our attempts the chemical process tends to

etch the substrate more than to grow the NaTaO3 film. We solve this issue by

fabricating Ta2O5 films on sapphire and use those as precursor in the same chem-

ical process, leading to durable NaTaO3 films. This method also results in a new

type of control over the film morphology with the synthesis temperature. Un-

fortunately, it turns out that in these samples we are not able to make sufficient

electrical contact to the film for reliable KPFM an PEC measurements.

Subsequently, another method was found in literature that does provide good

electric contact. Moreover, we discovered that these samples are powerful pho-
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toanodes: Connected to a metal counter electrode, they are capable of driving a

water splitting photocurrent under UV illumination without additional bias. The

photoelectrochemical behavior is analyzed in more detail with cyclic voltamme-

try under different types of illumination. We also perform a type of macroscopic

KPFM, which gives the contact potential difference and surface photovoltage av-

eraged over a large area. Photovoltages up to 0.7 V are observed. These voltages

have very long relaxation times, up to several days, which indicates the presence

of trap states.

Through a small variation of the method used to make the NaTaO3 photoan-

odes, we are able to make isolated NaTaO3 nanocrystals on Pt. By performing

frequency modulation KPFM on these samples with and without UV we obtain

clear maps of the photovoltage generated between the two materials.

For NaTaO3 powders several methods have been developed for band gap

narrowing through doping with some apparent success. The aim is, of course,

to achieve activity under sunlight, but still no such doped NaTaO3 powder has

been demonstrated to possess this capability. However, these methods could

prove to be more successful in the photoelectrochemical cell configuration, be-

cause it relaxes some of the material requirements in comparison to powder water

splitting. Hence, we suggest that the developed NaTaO3 photoanodes provide a

useful platform to investigate these doping methods.

Besides the KPFM measurements on the isolated NaTaO3 nanocrystals on

Pt, we also performed detailed KPFM experiments on the NaTaO3 photoanodes,

which have a closed film at their surface. Since NaTaO3 powder splits water

under UV illumination, it could be expected that at its surface it has significant

work function and photovoltage variations. However, with a variety of KPFM

methods we measure only negligible variations. By adapting the model devel-

oped to explain how an inhomogeneous probe can induce distance dependence

and topography correlated artifacts, we are able we calculate upper limits for

the real surface photovoltage differences between crystallite facets by taking the

sensitivity and resolution of the employed methods into account. In the most

stringent case this results in an upper limit of 19 mV. Similarly, using results

from literature, we calculate upper limits from for the real surface photovolt-

age differences between crystal edges and the rest of the sample, which in the

most stringent case is 72 mV. These results imply that there is no significant

charge separation between facets, nor between edges and facets. This support

recent results obtained by others that demonstrate that the exposed crystal facets

of NaTaO3 crystallites with cubic shape are equivalent and that there does not

appear to be spatial charge separation between these equivalent facets.

As mentioned above, the NaTaO3 particles become much more active when

doped with La and loaded with NiO cocatalyst. If indeed the charge separation

efficiency in this optimized systems is much better, the KPFM approach would
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likely show clear lateral photovoltage variations and as such give information on

how and where the charge separation is achieved. Unfortunately project time ran

out before this could be done, hence this investigation is left for future experi-

ments.
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Kelvin probe kracht microscopie voor de studie van fotovolt-
ages aan het oppervlak van water splitsend NaTaO3

Voor een grootschalige transitie naar hernieuwbare energie, verkregen uit zon-

licht en wind, is een grote energie-opslag capaciteit in de vorm van brandstof-

fen vereist. Een mogelijke oplossing voor deze grote technologische uitdaging

is de directe conversie van zonlicht naar brandstoffen in apparaten gebaseerd

op halfgeleidende materialen. Deze apparaten kunnen in twee hoofdcategorieën

ingedeeld worden. De apparaten in de eerste categorie zijn in feite een zonne-

cel en een elektrolyse apparaat in één, en worden foto-elektrochemische cellen

genoemd. De apparaten in de tweede categorie kunnen simpelweg worden voor-

gesteld als een bad met een dispersie van poeder in water.

Onder de poeder-materialen die water splitsen valt de stof NaTaO3 op door

een zeer hoge kwantum opbrengst. Dit vereist wel optimalisatie door middel

van dotering met La en het aanbrengen van NiO co-katalysator. Puur NaTaO3

splitst ook enigszins water, maar ongeveer een factor 126 minder efficiënt dan

het geoptimaliseerde systeem.

In dit project wilden we NaTaO3 onderzoeken met Kelvin probe kracht mi-

croscopie (Kelvin probe force microscopy (KPFM) in het Engels) en foto-elek-

trochemie (Photoelectrochemistry (PEC) in het Engels), met als doel meer te

leren over de onderliggende ladingscheidingsmechanismen, één van de belangri-

jkste knelpunten voor efficiënt water splitsen met een poeder. Echter, aan het

begin van dit project bestonden er een aantal onopgeloste problemen met be-

trekking tot meet-artefacten en data interpretatie van KPFM op ruwe halfgelei-

dende samples, zoals onze samples. Daarom is er veel werk gestopt in het

oplossen van deze problemen en het valideren van de KPFM techniek.

KPFM is een populaire techniek voor het onderzoeken van halfgeleiders.

Desondanks bestonden er in de literatuur twee concurrerende interpretaties van

de relatie tussen het gemeten signaal en de halfgeleider eigenschappen. Eén

is de interpretatie als het zogenaamde oppervlakte werkfunctie verschil tussen

probe en sample, wat ook het contact potentiaalverschil wordt genoemd. De an-

der is een recenter voorgestelde interpretatie die alleen afhangt van bulk eigen-
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schappen van het sample. Door middel van een theoretische afleiding, experi-

menten en vergelijking van onze modellering met experimenteel werk van an-

deren, hebben we aangetoond dat de nieuw voorgestelde interpretatie in het al-

gemeen niet geschikt is voor de analyse van KPFM op halfgeleiders, terwijl de

interpretatie als het contact potentiaalverschil hiervoor wel geschikt is.

Tijdens het onderzoeken van een van de varianten van de KPFM techniek die

mogelijk toepasbaar is in water, ondervonden we elektrische overspraak tussen

het signaal dat de elektrische modulatie van de geleidende KPFM probe aandri-

jft en het detectie signaal van de respons van de probe. Dit probleem hebben we

opgelost door het excitatie signaal via een afgeschermde kabel buiten de com-

merciële opstelling om op de probe aan te sluiten. Dit hebben we zo gedaan,

dat we de overspraak letterlijk aan en uit kunnen schakelen. Dankzij aanpass-

ing van het systeem konden we het effect van overspraak op deze KPFM variant

in detail bestuderen en vergelijken met het effect op een meer reguliere KPFM

methode. Met deze experimenten hebben we aangetoond dat, wanneer de in-

vloed van overspraak is gelimineerd, de resultaten van de beide methodes met

elkaar in overeenstemming zijn.

Twee andere, gerelateerde problemen van KPFM zijn dat er een ongewenste

afstandsafhankelijkheid van het gemeten signaal kan zijn en dat er topografisch

gecorreleerde artefacten kunnen optreden bij metingen op ruwe samples. Wij

hebben aangetoond dat probe inhomogeniteit één van de hoofdoorzaken van

beide effecten is. Dit hebben we gedaan door aan te tonen dat we op een heel

ruw sample resultaten zonder topografische artefacten kunnen verkrijgen met ho-

mogeen metaal gecoate probes, terwijl we, nadat we een inhomogeniteit hebben

veroorzaakt aan de tip van de probe door contact met het sample, duidelijk to-

pografisch gecorreleerde artefacten verkrijgen, onder verder exact dezelfde ex-

perimentele omstandigheden. Daarnaast blijkt er vóór de tip verandering nauweli-

jks afstandsafhankelijkheid te zijn, terwijl er daarna aanzienlijke afstandsafhanke-

lijkheid is. Met behulp van eenvoudige modellering zijn we in staat deze resul-

taten te verklaren. Ook met frequentie modulatie KPFM, wat in het algemeen als

superieur wordt beschouwd, vinden we dat de topografisch gecorreleerde arte-

facten aanhouden, wat in overeenstemming is met onze modellering. Helaas kun-

nen tijdens metingen probe inhomogeniteiten gemakkelijk ontstaan door contact

met het sample, en dit kan zelfs makkelijk ongemerkt blijven. Daarom beschri-

jven we een methodologie die dit kan helpen voorkomen en stellen voor om, ter

controle, de afstandsafhankelijkheid voor en na experimenten te meten.

Voor KPFM en PEC is het noodzakelijk om dunne films van NaTaO3 op een

geleidend substraat te hebben, met goed elektrisch contact. In eerste instantie

vonden we een hydrothermale methode die geschikt leek. Echter, de films die

we hiermee fabriceerden bleken te gemakkelijk vanzelf uit elkaar te vallen. We

vermoeden dat onze afwijkende resultaten zijn veroorzaakt door het feit dat het
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gebruikte chemische proces eigenlijk vrijwel gelijk is aan een bekende methode

om Ta te etsen, terwijl het substraat voor deze methode nu juist Ta folie was. Bli-

jkbaar, door kleine verschillen in de details van het proces, neigde het chemische

proces in onze pogingen meer naar etsen dan naar groei van de NaTaO3 film. We

hebben dit probleem opgelost door Ta2O5 films te fabriceren op saffier en deze te

gebruiken als substraat in hetzelfde chemische proces, met stevige NaTaO3 films

als resultaat. Deze methode resulteerde ook in een nieuw type controle over de

morfologie van de film door middel van de synthese temperatuur. Helaas bleek

echter dat we voor KPFM en PEC in deze samples niet voldoende elektrische

contact met de film konden realiseren.

Nadien vonden we een andere methode in de literatuur die wel goed elek-

trisch contact verschaft. Bovendien ontdekte we dat deze samples krachtige

fotoanodes zijn, die, verbonden aan een metalen tegenelektrode, in staat zijn

een water splitsende fotostroom te genereren onder UV belichting, zonder aan-

gelegde elektrische spanning. We hebben de foto-elektrochemische eigenschap-

pen van deze fotoanodes in kaart gebracht met cyclovoltammetrie onder verschil-

lende typen belichting. Ook hebben we onder verschillende type belichting het

gemiddelde oppervlakte fotovoltage gemeten met een macroscopische variant

van KPFM. Deze voltages hebben zeer lange relaxatie tijden, tot enkele dagen,

wat de aanwezigheid van zogenaamde trap states aantoont.

We hebben ook een kleine variatie op de synthese methode van de NaTaO3

fotoanodes ontwikkeld waarmee we in staat zijn om geı̈soleerde NaTaO3 nano-

kristallen te maken op een Pt oppervlak. Door op deze samples KPFM met en

zonder UV belichting te doen hebben we een duidelijk beeld verkregen van het

fotovoltage dat wordt gegenereerd tussen deze twee materialen.

Voor NaTaO3 poeders zijn er, met schijnbaar succes, verschillende methodes

ontwikkeld om de bandgap te verkleinen door middel van dotering. Het doel hi-

ervan is om meer activiteit in zonlicht te verkrijgen, maar vooralsnog is dit voor

geen enkel gedoteerd NaTaO3 poeder echt gelukt. Echter, deze methoden zouden

succesvoller kunnen blijken te zijn in onze foto-elektrochemische cel configu-

ratie, want in deze configuratie zijn er minder belemmerende materiaalvereisten

dan in water splitsen door middel van poeders. De ontwikkelde NaTaO3 fotoan-

odes zijn dus een zeer bruikbaar platform zijn om deze doteringsmethodes verder

te onderzoeken.

Naast de KPFM metingen aan de geı̈soleerde NaTaO3 nanokristallen op Pt

hebben we ook gedetailleerde KPFM metingen gedaan aan NaTaO3 fotoanodes.

Aangezien NaTaO3 water splitst onder UV belichting, valt het te verwachten

dat dit materiaal aan het oppervlak grote werkfunctie en fotovoltage variaties

heeft. Echter, met diverse KPFM methodes meten we alleen verwaarloosbaar

kleine variaties. Door aanpassing van het model dat we hadden ontwikkeld om

uit te rekenen hoe een inhomogene probe afstandsafhankelijkheid en topografie
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gecorreleerde artefacten veroorzaakt, hebben we bovengrenzen berekend voor

het werkelijke oppervlakte fotovoltage verschil tussen kristalfacetten, rekening

houdend met de gevoeligheid en resolutie van de betreffende methode. In het

meest stringente geval resulteerde dit in een bovengrens van 19 mV. Gebruik-

makend van resultaten uit de literatuur, berekenen we op vergelijkbare manier

bovengrenzen voor het werkelijke oppervlakte fotovoltage verschil tussen kristal

randen en de rest van het sample. In het meest stringente geval leidde dit tot

een bovengrens van 72 mV. Deze resultaten zijn in overeenstemming met recent

werk van anderen dat aantoont dat de kristal facetten van NaTaO3 kristallieten

met kubusvorm equivalent zijn en dat er geen ruimtelijke ladingsscheiding tussen

deze equivalente facetten lijkt plaats te vinden.

Zoals boven vermeld, worden de NaTaO3 deeltjes veel actiever wanneer deze

met La gedoteerd zijn en beladen met NiO cokatalysator. Als inderdaad de lad-

ingsscheidingsefficiëntie in dit geoptimaliseerde systeem veel beter is, dan zou

KPFM waarschijnlijk duidelijke laterale fotovoltage variaties laten zien, en op

die manier informatie geven over hoe en waar de ladingsscheiding plaatsvindt.

Helaas was dit project afgelopen voordat dit gedaan kon worden. Deze experi-

menten laten we dus over voor toekomstig werk.
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Appendix: Calculation of a topography

correlated artifact

In this appendix we derive the expressions used to estimate the order of mag-

nitude of topography correlated artifacts (TCAs) caused by an inhomogeneous

probe. This is done by extending the model for calculating the lift height de-

pendence used in the main text, to the analytically treatable geometry shown in

Fig. A.1. In this geometry the tip is centered above a hole in the sample with the

shape of a spherical cap with radius r = z + R. The center of the sphere that

defines this cap is at the same position as the center of the sphere that defines the

cap that is the tip. Also, both spherical caps have the same solid angle.

In this configuration it is possible to extend the method of Hudlet et al. [119]

to separately calculate the electrostatic force on the tip and the cone, from which

the required weights can be extracted. This method is based on the postulate that

“the electric field on each infinitesimal tip surface is that which would be created

by the dihedral capacitance constituted by two infinite planes in the same relative

orientation.” This leads to the assumption that the electric field on each point on

the surface of the probe is equal to

E = −
VT

l
, (A.1)

where VT is the total potential difference (including work function difference)

and l is the length of the field line of the corresponding dihedral capacitor. Then,

the charge density on the probe can be obtained with

σ =
E

ε
(A.2)

and the force in the z-direction with

F =

∫

S

σ2

2ε
n · uzdS, (A.3)

where n is the surface normal vector and uz is the unit vector in the z-direction.

In the chosen configuration, we have l = z for each point on the spherical

tip. Then, from Eqs. (A.1) and (A.2), the charge density is σ = εVT /z, which is

109



R

zl

0

0

d
sample

probe
z´

Figure A.1: Schematic drawing of the probe centered above a hole in the sample.

Expressions for the tip and cone weights are derived for this specific configura-

tion.

constant over the entire surface of the tip. So, one can write

Ftip =
εV 2

T

2z2

∫

Stip

n · uzdS. (A.4)

Taking the in-product and integrating over the azimuthal angle, this becomes

Ftip = −
πεR2V 2

T

z2

∫ π/2

θ0

sin θ cos θdθ. (A.5)

The force on the tip is thus

Ftip = −
πεR2V 2

T cos2 θ0
2z2

. (A.6)

Comparing with

Ftip =
1

2

∂Cts

∂z
V 2
T (A.7)

we obtain the AM-KPFM tip weight

wts = −
πεR2 cos2 θ0

z2
. (A.8)

For the cone, the derivation of the electrostatic force as given by Hudlet et

al. [119] can be followed in the same way, with subtracting the hole depth, d,

from the height along the cone, z′, in their expression for l. For the cantilever, the
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Appendix: Calculation of a topography correlated artifact

slight reduced distance to the sample can be ignored and the expression remains

the same. This leads to

wcs = −2πεk2
[

ln
H

z − d+R
− 1 +

R/ sin θ0
z − d+R

]
+

f

(z +H)2
, (A.9)

with

d = z +R (1− sin θ0) . (A.10)

With the weights for the probe above the hole in the sample, Eqs (A.8) and

(A.9), and the weights for the probe above a flat sample, Eqs (4.6) and (4.7), we

calculate the difference between the potential measured above the hole, V hole
K ,

and the potential measured above a flat sample, V flat
K . Note that, due to the con-

straint r = R + z, this model does not allow to calculate a pure lift height de-

pendence. However, it does enable to estimate the magnitude of probe induced

TCAs for various specific combinations of z, R and r.
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