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ABSTRACT 
 

 

The present study systematically explored the structure and charge transport characteristics at the junction 

between a platinum-iridium (Pt-Ir) metal tip and transparent zinc oxide (ZnO) electrodes of varying film 

thicknesses. ZnO nanoparticles were synthesized through the coprecipitation method and dispersed 

in dichlorobenzene. Characterization of the nanoparticles involved X-ray diffraction, Raman 

spectroscopy, and UV-vis spectroscopy. The ZnO dispersions were spin- coated onto a conductive 

substrate to produce films comprising one, four, and eight layers. To investigate the films’ nanoscale 

surface electrical properties and charge transport mechanisms, electrostatic force microscopy (EFM), 

Kelvin probe force microscopy (KPFM), and conducting atomic force microscopy (c-AFM) techniques 

were employed. The study examined the influence of grain boundaries (GBs) and thickness on films’ 

electrical and optoelectronic properties. Variations in film thickness resulted in changes in the metal-

semiconductor (M-S) contact type, transitioning from ohmic to rectifying with increasing layers. The 

modulation in the M-S contact type was primarily attributed to the presence of GBs during film formation. 

EFM measurements indicated charge trapping within the GB region, suggesting localized band-

bending effects. KPFM measurements revealed slightly higher local work function values in the GB 

region across all samples, attributed to Fermi level shifts towards the conduction band induced by 

optically active states introduced by GBs. For single-layer films, semiconductor work functions 

exceeded those of the metal, suggesting the formation of ohmic contacts with no potential barrier 

to transport, as per Mott and Schottky theory. In contrast, four and eight-layer films exhibited 

lower work function values than the metal and thus typical rectifying behavior akin to Schottky diodes, 

governed by thermionic emission theory. The study underscored the influence of grain boundaries and 

film thickness on the optoelectronic and charge transport properties of conductive and transparent ZnO 

electrodes, emphasizing its significance in forming versatile M-S contacts crucial for diverse 

semiconductor applications. 

 
Keywords: zinc oxide; transparent electrodes; grain boundaries. 



RESUMO 
 

 
O presente estudo explorou sistematicamente a estrutura e as características de transporte de carga na 

junção entre um contato metálico Pt-Ir e eletrodos transparentes de óxido de zinco (ZnO) com 

diferentes espessuras de filme. Nanopartículas de ZnO foram sintetizadas pelo método de 

coprecipitação e dispersas em diclorobenzeno. A caracterização das nanopartículas envolveu difração 

de raios-X, espectroscopia Raman e espectroscopia UV-vis. As dispersões de ZnO foram 

depositadas em um substrato condutor para produzir filmes com uma, quatro e oito camadas. Para 

investigar as propriedades elétricas e os mecanismos de transporte de carga em nanoescala da 

superfície dos filmes, foram empregadas técnicas de microscopia de força eletrostática (EFM), 

microscopia de força de sonda Kelvin (KPFM) e microscopia de força atômica condutora (c-

AFM). O estudo examinou a influência dos contornos de grão (GBs) e da espessura nas propriedades 

elétricas e optoeletrônicas dos filmes. Variações na espessura do filme resultaram em mudanças no tipo 

de contato metal-semicondutor (MS), passando de ôhmico para retificador com o aumento das camadas. 

A modulação no tipo de contato MS foi atribuída principalmente à presença de GBs durante a 

formação do filme. As medidas de EFM indicaram aprisionamento de carga na região de GB, 

sugerindo efeitos localizados de curvatura de banda. As medições KPFM revelaram valores de função 

de trabalho local ligeiramente mais elevados na região GB em todas as amostras, atribuídos a mudanças 

no nível de Fermi em direção à banda de condução induzida por estados opticamente ativos introduzidos 

por GBs. Para filmes de camada única, as funções trabalho do semicondutor excederam as do metal, 

sugerindo a formação de contatos ôhmicos sem barreira de potencial ao transporte, conforme a teoria de 

Mott e Schottky. Em contraste, os filmes de quatro e oito camadas exibiram valores de função 

trabalho mais baixos do que o metal e, portanto, um comportamento retificador típico semelhante aos 

diodos Schottky, governados pela teoria da emissão termiônica. O estudo ressaltou a influência dos 

contornos de grão e da espessura dos filmes nas propriedades optoeletrônicas e de transporte de carga de 

eletrodos de ZnO condutores e transparentes, enfatizando sua importância na formação de contatos MS 

versáteis, cruciais para diversas aplicações de semicondutores. 

 
Palavras-chave: óxido de zinco; eletrodos transparentes; contornos de grão. 
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1 INTRODUCTION AND OBJECTIVES 

 
Thin film transparent electrodes are essential in most optoelectronic, photonic, and next-

generation photovoltaic devices, all experiencing increasing demand. Thin film technology has been 

emerging and replacing many components previously manufactured in what we can call a solid state or 

from materials that, due to their specificities, make manufacturing processes more expensive and make 

their access and dissemination difficult. It is, therefore, a technology that has been making processes 

cheaper, consuming less energy in its stages and being able to give your devices faster reactions and 

responses, as is the case with thin film transistors (TFTs), a type of transistor field effect formed by a 

layer of metallic semiconductor oxide on an insulating substrate, often used in the form of an integrated 

system in display applications, such as liquid crystal displays (LCDs). An LCD screen includes a 

transistor for each pixel, which means the current that drives the pixel’s lighting can be smaller and 

turn on and off more quickly. They are on cell phones, notebooks, televisions, and other widely 

circulated devices. 

In addition to transistors, third-generation solar cells may be completely manu- 

factured by superimposing films from the front and rear electrodes to the active layers (1). 

Varistors (2), a type of resistor with variable resistance according to the potential difference applied 

between its terminals, which are commonly used as part of circuits protecting current or voltage surges, 

have already been manufactured in the form of a thin film on rigid and flexible substrates. 

Like any emerging technology, thin-film devices also have limitations, such as poor color 

accuracy or fluctuation in image quality in the case of TFTs or lower power conversion efficiencies 

in the case of solar cells. However, these are acceptable challenges given the main objective of 

modern society, which is energy conservation, with the aim of minimizing greenhouse gas 

emissions to guarantee a better future for future generations. 

In this sense, many researchers are engaged in the search for new processes and, mainly, 

new materials such as transition metal oxides which, due to their excellent optoelectronic properties, such 

as a wide bandgap, optical transparency, and high charge mobility, have been applied as interfacial 

layers for transporting electrons or holes, maintaining operating stability under ambient conditions, and 

being compatible, in terms of energy level alignment, with other semiconductor oxides (3). 

Among several possible transition metal oxides, zinc oxide stands out for its ease, 

numerous manufacturing possibilities, and optical, electrical, and charge transport properties. 
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Zinc oxide is a semiconductor with a wide and direct band gap of approximately 3.37 eV at room 

temperature and an excitonic binding energy of around 60 meV (4). It can form highly transparent 

thin films within the visible region of the solar spectrum. When undoped, ZnO typically exhibits 

n-type conductivity, stemming from intrinsic defects like interstitial Zn and oxygen vacancies, and 

showcases a broad range of work functions, spanning from approximately 

3.0 eV to over 5.0 eV (5, 6). The low work function values allow for favorable alignment with the 

work function of transparent conductive oxides (TCOs) commonly found in electrodes, such as FTO 

(approximately 4.4 eV), facilitating electron injection and hole blocking in the same direction (7). 

It is common for grain boundaries (GB) to appear when synthesizing ZnO films or 

pellets. This happens due to the thermodynamic forces that act during the formation of films on substrates, 

or due to the high pressures and temperatures of pellet synthesis. Grain boundaries are regions that 

introduce crystal defects (in addition to defects characteristic of the material itself) that induce local 

band bending at the grain face/grain boundary junction, creating potential barriers that can influence 

conduction processes at the interface. This effect is controlled in order to favor the properties of the 

device in which they are present. In solar cells, for example, grain boundaries can limit the passage of 

current due to the potential barrier formed when, in fact, you want more current to pass, as a solar cell 

works to generate energy. In the case of varistors, the higher the potential barrier, the better their 

operation, as these devices control voltage surges that could damage the elements of the circuit into 

which they are integrated. 

Another interesting feature of ZnO-based structures is that ZnO thin films can 

establish ohmic or Schottky contacts with metals, depending on film synthesis parameters, such as 

annealing temperature, deposition technique, and film thickness (8), which in turn influence the formation 

of GBs. Many ZnO-based devices necessitate electrodes with robust ohmic contacts, as low contact 

resistance, insignificant compared to the bulk resistance of the semiconductor, can lead to a lower voltage 

drop across the electrode, thus enhancing the current injection efficiency of the device (9, 10). Reyes et 

al. (11) demonstrated current gain, albeit at slower response speeds, using ohmic contacts in 

photoconductive-type photodetectors. Conversely, photodetectors with Schottky contact electrodes 

generally exhibited faster response speeds and less noise current, as Su et al. (12) reported. Hwang and 

Hong (13) observed that a significant Schottky-barrier height (SBH) at the metal-semiconductor interface 

of Schottky-barrier photodetectors leads to a small leakage current and high breakdown voltage, 

thereby enhancing device performance. 

Nanoscale devices must precisely control band bending to form appropriate contacts for each 

application. In most semiconductors, band-bending effects primarily occur due to the presence of GBs. 

These boundaries, characterized by high concentrations of structural defects, disrupt the crystal lattice 
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and act as electron traps, creating defect states below the conduction band. Consequently, these defects 

influence the charge transport mechanisms through materials. It is in this sense that this thesis sought 

to exhaustively investigate, using mainly electrostatic force microscopy (EFM), Kelvin probe force 

microscopy (KPFM), and conductive atomic force microscopy (c-AFM) techniques, how the defect 

states introduced by the presence of grain boundaries influence the electrical and optoelectronic properties 

of ZnO thin films deposited on conductive FTO substrates, widely applied as transparent electrodes in 

optoelectronic devices. In an additional way, the study examined the influence of film thickness 

on the formation of ohmic and rectifying contacts. Along with electrical measurements, the films 

underwent spectroscopic analysis to reveal their optical and structural characteristics. 

 
1.1 Effect of grain boundaries on the physical properties of a semiconductor 

 
Figure 1a shows a schematic of the energy band diagram of a semiconductor, char- 

acterized by an interval between the conduction and valence bands, called a bandgap. As with n-type 

semiconductors, the Fermi level is close to the conduction band. The work function and electron 

affinity can also be observed, defined in relation to the vacuum level. 

The work function is defined as the amount of energy required to raise an electron from 

the Fermi level to the vacuum level, which is the energy level of an electron outside the material 

with zero kinetic energy, calculated by the difference between the levels, being, therefore, a measure of 

the potential barrier that electrons must overcome to leave the material. It is an extremely important 

parameter in the electronic emission process required in photoelectronics. The electronic affinity, defined 

as the interval between the vacuum level and the bottom of the conduction band, and the bandgap, 

characteristic parameters of the semiconductor, should not be variable values (despite the quantum 

confinement effects associated with particle sizes). particles that can lead to the blue or redshift of the 

absorption edges characteristic of the material and, consequently, the change in value in its bandgap). 

The work function is a parameter that varies with the doping level or with the presence of defect states, 

both introduced at the Fermi level, which causes the Fermi level to shift towards the conduction 

band, approaching each other, consequently reducing the value of their work function, as shown in 

Fig. 1 (right side). 
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Figure 1 – Energy band diagram scheme of a 
semiconductor, highlighting physical properties (left) and 
defect states introduced on Fermi level on grain boundary 
region (right). 

 

Source: Author. 

 
Since the close contact between a metal and a semiconductor leads to Fermi level 

alignment until equilibrium is reached, the displacement of the semiconductor’s Fermi level, caused 

by the defect states introduced by GBs, should influence the formation of a greater or lesser potential 

barrier at the M-S interface and, therefore, in the formation of an ohmic contact or rectifier. 

 
1.2 Formation of ohmic and rectifiers M-S contacts and associated charge transport 

mechanisms 

 
According to the Schottky-Mott theory (14, 15), when dealing with an n-type semi- 

conductor with ΦM < ΦS (where ΦM and ΦS are the metal and semiconductor work functions), the 

metal-semiconductor contact exhibits non-rectifying behavior, indicating the formation of an ohmic 

contact. 

In the case where the work function of the semiconductor is greater than the work 

function of the metal (as seen in Fig. 2a), the electrons on the metal are at a higher energy level when 

the materials are brought into contact (Fig. 2b), electrons begin to flow from the metal to the 

semiconductor conduction band until the Fermi levels (EF ) are aligned. As electrons migrate from the 

metal to the semiconductor, the concentration of free electrons in the semiconductor region near the 

boundary increases, while positive charges remain on the metal side. The charge 
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accumulation layer in the semiconductor is confined to a thickness on the order of the Debye length, 

essentially forming a surface charge. Due to the high concentration of electrons in the metal, positive 

charges are also superficial and are contained at a distance of about 0.5 Å from the metal-semiconductor 

interface. Consequently, there is no formation of a depletion region in the semiconductor, nor a potential 

barrier for the flow of electrons, either from the semiconductor towards the metal or in the opposite 

direction (10). 

Figure 2 – Energy band diagram of the local M-S contact with Φm < Φs at the grain and 
grain boundary regions: (a) before contact, (b) in thermal equilibrium and (c) thermionic 
process. 

 

Source: Author. 

 
Furthermore, as the number of electrons in the semiconductor increases, the distance between 

EF and the edge of the conduction band (EC) decreases. However, in thermal equilibrium, EF remains 

constant, causing EC to shift upward parallel to the edge of the valence band (EV ) and the vacuum level. 

This shift occurs because the semiconductor’s optical band gap and electron affinity, defined as the 

energy difference of an electron between the vacuum level and the lower edge of the conduction band, 

remain unchanged after contact with the metal. 

In a metal-semiconductor system in thermal equilibrium, the vacuum level must 

maintain continuity through the transition region. Consequently, to ensure continuity, the vacuum level on 

the semiconductor side must gradually approach the vacuum level on the metal side, resulting in 

band bending (ϕ). The difference in vacuum levels, equivalent to the difference in work functions, 

determines the local band curvature (16). Due to the thin depletion region formed, electrons with 

energy close to the Fermi level can tunnel from the semiconductor into the metal at low temperatures 

in a field emission transport process (10) (as illustrated in Fig. 2c). These processes can explain the 

electron transport through the M-S ohmic contact observed. 
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In the case where the work function of the semiconductor is smaller than the work 

function of the metal (when ΦM > ΦS), the metal-semiconductor contact exhibits rectifying 

behavior, indicating the formation of a potential barrier. Upon bringing the semiconductor into 

contact with the metal tip, the electrons from the semiconductor’s conduction band, which have higher 

energy than those in the metal (Fig. 3a and b), flow into the metal until the Fermi levels align. As 

electrons transfer from the semiconductor to the metal, the concentration of free electrons near the 

interface diminishes, leading to a displacement of EF away from the conduction band edge EC. 

Figure 3 – Energy band diagram of the local M-S contact with Φm > Φs at the grain and 
grain boundary regions: (a) before contact, (b) in thermal equilibrium and (c) thermionic 
process. 

 

Source: Author. 

 
In thermal equilibrium, EF remains constant, causing EC to shift upward. The gap and 

electron affinity must remain unchanged after contact, as mentioned, and EV also shifts upward in 

parallel with EC along with the vacuum level, which gradually approaches the vacuum level on the metal 

side, to maintain continuity in the transition region, resulting in band bending. In a Schottky barrier diode, 

current flows due to charge transport from the semiconductor to the metal or in the reverse direction. 

An electron emitted over the barrier from the semiconductor into the metal must traverse the high-field 

depletion region. While traversing this region, drift and diffusion processes govern the electron’s 

motion. However, in the thermionic emission theory, the effect of drift and diffusion in the depletion 

region is negligible, and the barrier height is assumed to be large compared to kBT . Therefore, only 

those electrons whose kinetic energy exceeds the height of the potential barrier (as illustrated in Fig. 

3c) can reach the top and move toward the metal. 
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The formation of a potential barrier at the M-S interface indicates that charge 

transport predominantly occurs through thermionic emission. The thermionic emission model 

equations allow for calculating potential barrier height values and saturation currents. According to it, the 

current through the junction barrier as a function of the applied voltage is given by (17, 18): 

I = IS  exp − 
 qV  

− 1 , (1.1) 
nkBT 

 

where the saturation current IS depends on the potential barrier according to: 

IS ∝ exp − 
 Φ  

, (1.2) 
nkBT 

where Φ is the Schottky barrier height (SBH), n is the ideality factor, kB is the Boltzmann 

constant and, T is the temperature. According to the TE model, the Schottky diode parameters n and Φ 

are presumed independent of voltage. These parameters are derived, respectively, from the slope and 

intercept of the line that best fits the relationship between ln I and V , expressed as: 

ln I = 
qV

 
nkBT 

+ ln IS. (1.3) 

Considering the presence of GBs, with both grain and GB forming similar contacts, it possible to 

calculate the change in potential barrier height ∆Φ can be calculated as: 

 
∆Φ = 

S 

nkB G 
GB 

 
(1.4) 

where IS and IS are the saturation currents at the grain and the grain boundary (19). 
G GB 

The ohmic and rectifying behaviors can be inferred from the behavior of the IV 

curves. Ohmic behavior can be observed in linear I-V curves, where the resistance of the bulk 

semiconductor region determines the current and is independent of the direction of applied 

polarization. The slope of the straight portion in curve IV can provide the overall resistance value 

(as shown in Fig. 4a). A rectifier contact (Fig 4b) will exhibit the characteristic behavior of a diode, 

where the current only starts to be conducted when it reaches a certain forward bias voltage (which, in 

the case of Schottky-type diodes, is in the order of 0.3 to 0.5V – values smaller than pn junction diodes). 

, 
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Figure 4 – IV curve behavior of M-S contact: (a) ohmic and (b) rectifier type. 

 

Source: Author. 

 
1.3 Methodology applied to identify the existence and influence of grain boundaries on 

electrical and charge transport properties in ZnO films 

 
The morphology and surface roughness of all synthesized ZnO films were assessed 

through AFM scans. EFM measurements were conducted to scan surface topography, with the aim to 

evidence the charge trapping in GB regions and, consequently, to confirm the presence of defect 

states that shift the Fermi level of the semiconductor toward the conduction band. KPFM 

measurements were employed to derive local work function values and confirm the formation of 

an ohmic or rectifying metal-semiconductor contact. Ohmic and rectifying behaviors were documented 

in IV curves obtained via c-AFM. The Thermionic emission (TE) model equations provided 

insights into the charge transport of Schottky barrier devices, extracting local saturation current and local 

potential barrier height data. Additionally, ultraviolet-visible (UV- vis) spectroscopy was utilized to 

ascertain the optical properties of the films. X-ray diffraction (XRD) and Raman spectroscopy (just 

in the samples of Chapter 1) were employed to analyze their structural properties. 

 
1.4 Objectives 

 
The primary goal of this study is to thoroughly examine the impact of defect states 

resulting from grain boundaries on the charge transport characteristics of transparent electrodes composed 

of thin zinc oxide films deposited on a conductive substrate for optoelectronic applica- tions. To 

accomplish this goal, the following specific objectives have been delineated: 
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– Synthesize zinc oxide nanoparticles via coprecipitation, followed by the deposition of the films 

onto a transparent conductive substrate using the spin coating technique. 

– Obtain samples with varying film thicknesses (one, four, and eight layers) to evaluate the impact 

of thickness as a control parameter on the formation of diverse metal-semiconductor contacts and 

subsequent charge transport properties. 

– Analyze the optical properties of the films using ultraviolet-visible (UV-vis) spectroscopy. 

– Investigate the structural properties of the films through X-ray diffraction (XRD) and 

Raman spectroscopy. 

– Determine the local electrical properties utilizing EFM, KPFM, and c-AFM modes of 

atomic force microscopy. 

– Establish potential correlations between optical and structural properties with the local 

electrical properties to enhance our understanding of the charge transport mechanism through 

the electrodes. 

 
1.5 Outline 

 
This thesis is structured in an alternative format for dissertations and theses, which allows the 

doctoral candidate to insert scientific articles authored by the candidate in chapters. 

Chapter 1 provided the theoretical basis necessary to analyze and understand the results 

presented in the following chapters. Therefore, the reader can observe the repetition of information 

throughout the chapters regarding the sample preparation procedure and the theory dealing with the formation 

of ohmic and rectifying contacts between metal and semiconductors.  

Chapter 2 - Influence of Grain Boundaries on Nanoscale Charge Transport Properties of 

Transparent Conductive ZnO-based Electrode: published on ACS Applied Electronic Materials, 

2024, 6, 1, 415–425, https://doi.org/10.1021/acsaelm.3c01423. 

Chapter 3 - Ohmic-to-Schottky Modification of ZnO-Metal Contact Modulated by Film 

Thickness: to be submitted to a scientific journal. 

Chapter 4 - Conclusions and Future Work. 
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2  INFLUENCE OF GRAIN BOUNDARIES ON NANOSCALE CHARGE TRANS- 

PORT PROPERTIES OF TRANSPARENT CONDUCTIVE ZnO-BASED ELEC- 

TRODE 

The presence of defect states, such as grain boundaries (GB), can interfere with the charge 

transport properties of various semiconductor oxides. In this research, electrostatic force microscopy 

(EFM) and conducting atomic force microscopy (c-AFM) techniques were used to explore the 

nanoscale surface electrical properties of zinc oxide (ZnO) thin films deposited on a conductive 

fluorine-doped tin oxide (FTO) substrate. Films like these are often used as anode materials in 

photovoltaic and other optoelectronic devices. EFM measurements revealed the presence of charge 

trapping within the grain boundary region, suggesting localized band-bending effects. Furthermore, a 

current map obtained through c-AFM indicated that the grain regions exhibited higher conductivity, 

validating the observations made with EFM. By combining c-AFM and Kelvin probe force microscopy 

(KPFM), it was possible to obtain experimental confirmation of band bending at grain boundaries. Data 

extracted from current-voltage (I-V) curves allowed the quantification of local saturation currents 

of 1.29 nA and 0.75 nA at the grain and GB. It was also possible to calculate the difference in 

potential barrier height between grain and GB as 50.40 meV. Urbach energy calculations identified 

the existence of defect states within the band gap. These defect states shifted the Fermi level 

towards the conduction band, reducing the local work functions to 3.93 eV and 3.89 eV for the 

grain and GB. These findings align with the thermionic emission model (TE) and Schottky-Mott 

theory, contributing to a deeper understanding of nanoscale charge transport within ZnO-based 

anodes, and paving the way for the development of transparent conductive oxide-based 

optoelectronic devices and other applications. 

 
2.1 Introduction 

 
Transition metal oxides (TMO) have gained significant importance as thin film 

materials in photovoltaic and in several other optoelectronic devices due to their noteworthy optical 

and electrical properties like a wide bandgap (Eg), optical transparency, and robust charge mobility 

(19). In contrast to inorganic semiconductor-based devices where surface doping facilitates ohmic 

contacts, applications employing TMO-based transparent conductive electrodes require meticulous 

interface engineering to establish ohmic contacts, enabling efficient charge transport and extraction 

(20, 3, 21, 22). Achieving proper ohmic contacts has been realized by employing TMO as 

interfacial layers, transporting holes or electrons to the metal contacts while maintaining stability 

under ambient conditions, visible light transparency, and proper band alignment with an array of 

semiconductors (23). 
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Among TMO, zinc oxide is the most frequently employed electron transport layer (24, 25, 

26). ZnO is categorized as an n-type semiconductor due to inherent crystalline defects like oxygen 

vacancies and interstitial Zn atoms. It boasts a wide direct bandgap (approximately 3.37 eV at 

room temperature) and exhibits the capacity to form thin films with high optical transparency and 

electronic mobility (27, 28, 29, 30). Furthermore, ZnO thin films exhibit a wide range of work 

functions, spanning from around 3.0 eV to over 5.0 eV (5, 6). The low work function values enable 

favorable alignment with the work function of transparent conductive oxides (TCO), typically found 

in the front electrodes of devices (e.g., approximately 4.4 eV for FTO). This alignment facilitates 

electron injection and hole blocking in the same direction (7). 

ZnO thin films are easily processable via solution-based methods, including the sol-

gel route (31) and ZnO colloidal techniques (32). This versatility allows film formation using common 

substrate-coating methods like spin coating and roll-to-roll printing. Most film growth techniques 

involve local nanoparticle agglomeration and the formation of GB, influenced by thermodynamic 

driving forces (33). 

It is well-documented that grain boundaries significantly impact the electronic prop- erties of 

many semiconductors. These regions introduce numerous crystalline defects that induce local band 

bending at the grain face/grain boundary junction, creating potential barriers that can influence the 

conduction processes at the interface. These defects can also be charge traps, leading to recombination 

processes and reduced device efficiency. Consequently, characteristics such as spatial charge distribution, 

grain size, structure, and the nature of GB in films play pivotal roles in dictating device performance 

(34, 35). 

The presence of GB can also enhance device performance, as demonstrated by 

independent studies (36, 37). They reported solar cells with CuIn1−xGaxSe2 (CIGSe) absorber layers 

that achieved exceptional conversion efficiencies (> 20%) despite the prevalence of GB. 

The improved efficiency was attributed to collecting minority carriers in the grain boundary region. 

Conversely, in the case of ZnO thin film transistors, potential barriers formed at GB are considered 

the primary limiting factor for device performance (38). Higher potential barriers result in more 

significant band bending upon contact with the metal, potentially hindering charge transport across the 

metal-semiconductor interface. Therefore, understanding the nature and dimension of potential barriers, 

local band bending, and charge transport across the film surface is essential to optimizing high-

performance devices. 

The investigation of local band bending in pure and doped ZnO thin films has been done 

through direct and indirect methods. For instance, Likovich et al.(39), utilizing scanning 

tunneling microscopy (STM), demonstrated that the accumulation of traps in GB of Al-doped ZnO 

(AZO) films created a distribution of defect states below the conduction band (∼ 100 meV), affecting 

electron transport properties. Bikowski e Ellmer(40) studied the relationship between electronic 

transport and structural properties in AZO films, associating GB defects with Al dopants. However, 



24 
 

they lacked direct microscopic evidence of local band bending in GB regions. 

Information on band bending in GB, local charge transport, and interfacial band 

alignment across heterojunctions has also been obtained from scanning probe microscopy modes such as 

c-AFM, EFM, and KPFM (41). Kumar et al.(17) demonstrated the formation of potential barriers at 

the GB of AZO films. Furthermore, using c-AFM, these researchers revealed that the local band 

bending measured in the GB region resulted from the defect-induced electrostatic potential barrier 

and polarization-driven barrier. Sharma et al.(42) illustrated the formation of potential barriers in ZnO 

films using KPFM, finding a heterogeneous work function distribution along the film surface. This 

electronic properties variation, attributed to surface crystallinity variations, can significantly influence 

interfacial charge transport. Singh e Som(19) demonstrated charge trapping at grain boundaries of 

ZnO:SnO2 (ZTO: zinc-tin oxide) films using both c-AFM and EFM measurements, suggesting the 

existence of local band bending. 

This study aims to elucidate the difference in potential barrier heights between grains and 

GB and the consequential band bending that modulates and influences the local charge transport 

process in ZnO thin films. Scanning probe microscopy in c-AFM, EFM, and KPFM modes was 

employed to investigate these aspects. Before electrical measurements, the films were subjected to 

spectroscopic analyses to unveil their optical and structural characteristics. These characterizations 

confirmed the formation of ZnO in its most stable structure, possessing a characteristic optical gap 

consistent with the semiconductor. They also unveiled the presence of defect states correlating with 

the formation of grain boundaries, as indicated by Urbach energy calculations. Using c-AFM and 

EFM, the current distribution on the surface was mapped, providing evidence of charge trapping at GB. 

For nanoscale charge transport analyses in grains and GB, local I-V measurements were conducted 

with c-AFM, enabling the calculation of the difference in potential barrier height between grains 

and GB. Since the work function is an intrinsic surface property that characterizes the potential barrier 

formed, KPFM measurements were performed to gain insights into lateral variations of the work function 

and its distribution on the film surface. The work function values corroborated the formation of a metal-

semiconductor rectifying contact and the emergence of a larger potential barrier at GB, resulting in higher 

local band bending in that region. This study paves the way for developing transparent conductive 

oxide-based electrodes for optoelectronic devices and other TMO-based applications. 

 
2.2 Experimental procedure 

 
In this study, all reagents employed were utilized without any additional purification. 

Nanoscale electrical measurements were conducted using the atomic force microscopy modes c-AFM, 

EFM, and KPFM. To gain deeper insights into the physical characteristics and establish potential 

correlations with the local electrical properties, all synthesized films were subjected to analysis through 
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x-ray diffraction (XRD), ultraviolet-visible (UV-vis) absorption spectroscopy, and Raman 

spectroscopy. The methods are described below, and a schematic representation of the experimental 

procedure is shown in Fig. 5. 

 
2.2.1 Synthesis of ZnO nanoparticles and depositions of films 

 

Zinc oxide nanoparticles were synthesized from the hydrolysis and condensation of zinc 

acetate dihydrate (Zn(CH3COO)2 ·  2H2O, Neon) using potassium hydroxide (KOH, Sigma Aldrich) 

in absolute methanol (CH3OH, Sigma-Aldrich) at a Zn2+:OH− molar ratio of 1:2. This synthesis 

method was adapted from previous studies conducted independently (32, 43, 44). 

The procedure involved the following steps: Zn(CH3COO)2 ·  2H2O (2.97 g) was 

dissolved in methanol (125 ml) and heated to 60◦C. Separately, KOH (1.51 g) was dissolved in 

methanol (65 ml) and heated to 60◦C. This KOH solution was added to the zinc acetate solution over 

30 seconds, making the mixture cloudy. The mixture was continuously stirred and gently refluxed at 

the same temperature for 3 hours. The mixture was left to stand at room temperature for 24 hours. The 

mixture was carefully decanted, and the precipitate was re-suspended in methanol (125 ml). It 

was allowed to settle for an additional 24 hours. The methanol was removed, ensuring the 

precipitate was drained without completely drying. 

 
Figure 5 – Schematic representation of the experimental procedure. Step 1: synthesis of ZnO 
nanoparticles; Step 2: dispersion of NP in dichlorobenzene; Step 3: film deposition on FTO 
by spin coating; Step 4: thermal treatment of film; Step 5: electrical characterization. 

 

 

 

Source: Author. 
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The precipitated ZnO nanoparticles, insoluble in pure methanol, were redispersed in 

anhydrous 1,2-dichlorobenzene (Sigma Aldrich) at 50 mg/ml. To maintain nanoparticle stability 

in the solution, 2-(2-methoxyethoxy)acetic acid, MEAA (Sigma Aldrich), was added at a 

concentration of 4% w/w relative to ZnO. These dispersions exhibited a cloudy whitish 

appearance. 

TCO substrates consisting of FTO-coated glass with a surface resistivity of approxi- 

mately 7 Ω/sq and dimensions of 20 mm × 10 mm × 2.5 mm (Sigma Aldrich) were used as the substrate 

material. The FTO substrates underwent a thorough cleaning process, which included a 15-minute 

ultrasonic cleaning with a detergent solution, deionized water, and isopropyl alcohol. Next, a 50 mg/ml 

zinc oxide solution, stabilized with 4% w/w MEAA, was spin-coated onto the FTO substrates using 

a vacuum-free Ossila spin coater at 1200 rpm for 30 seconds. Subsequently, the substrate was heated 

on a hot plate at 310◦C for 5 minutes to polymerize the zinc oxide film, rendering it insoluble (32). 

This deposition process, followed by thermal treatment, was repeated four times. Finally, all samples 

underwent a 30-minute thermal treatment under the same conditions. 

 
2.2.2 Characterization techniques 

 

Transmittance spectra were collected at room temperature using a UV-Vis spec- 

trophotometer, specifically the Shimadzu model UV-2600, equipped with an integrating sphere (ISR-

2600Plus). The measurements covered the wavelength range of 220 to 800 nm. 

For Raman spectroscopy, an Alpha 300 Witec system was employed. The excitation 

source was the 532 nm laser line, delivering a laser power of 0.6 mW to the sample, and an 

accumulation time of 2 seconds was used. 

X-ray diffraction patterns of the samples were recorded using a Rigaku SmartLab SE X-

ray diffractometer. This instrument featured a theta-theta goniometer configured in Bragg- Brentano 

geometry and operated at a power of 1.4 W (40 kV and 35 mA). The radiation source 

utilized was CoKα (λ = 0.1789 nm), and the scan ranged from 20◦ to 80◦ in 2θ . 

All nanoscale electrical measurements were carried out using an atomic force micro- scope, 

specifically the Asylum MFP-3D-Bio AFM from Oxford Instruments. Conductive tips 

(Pointprobe Silicon SPM-Sensor probes, NanoWorld) were used, featuring a tip radius of 20 nm, 

stiffness of 2.8 Nm−1, resonant frequency of 75 kHz, and platinum-iridium (Pt-Ir) coating. 

c-AFM measurements were performed in contact mode. For KPFM and EFM 

measurements, elevation mode was used, maintaining a height of 40 nm above the film surface. Local 

I-V measurements were conducted with the Pt-Ir conductive tip and the FTO substrate configured 

as the top and bottom electrodes, respectively. This configuration formed a Pt- Ir/ZnO/FTO 

heterojunction through which electron transport occurred. 
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These measurements were conducted at numerous selected locations, with scan speeds 

varying from 0.2 to 0.5 Hz, across three samples prepared under identical conditions. 

 
2.3 Results and discussion 

 
2.3.1 Structural and optical properties 

 

Figure 6a displays the x-ray diffraction pattern of the ZnO thin film deposited on the FTO 

conductive substrate. The XRD pattern of FTO exhibits distinct diffraction peaks, including {110}, 

{101}, {200}, and {211}, which correspond to the planes of polycrystalline SnO2 and are consistent 

with the tetragonal rutile crystalline structure (space group P42/mnm), as confirmed by ICSD catalog 

number 9163. 

For reference, a typical catalog sheet of the wurtzite-type hexagonal crystalline 

structure of ZnO (ICSD 26170) was included in the experimental diffraction pattern. It reveals a peak 

at 2θ = 40.19◦, corresponding to the {002} family of planes characteristic of ZnO. Consequently, 

the {002} basal planes of ZnO overlap with the {101} planes of SnO2:F. However, it’s worth noting 

that the experimental peak positions differ from the ICSD standard, possibly due to variations in the 

lattice parameters of the material (45). Some expected peaks couldn’t be identified due to their low 

intensity, posing a challenge in distinguishing them from the low signal-to-noise ratio of the 

background. Additionally, the peak with low intensity observed around 2θ = 35◦ was not indexed 

in either of the crystal structures and remains unidentified. 

Furthermore, the sharp peak widths observed may suggest the formation of a non- 

homogeneous film, comprised of densely packed grains consisting of numerous nanoparticles with 

different crystallinity (46). 

Figure 6b shows the UV-Vis transmittance spectrum of a ZnO film on FTO substrate. The 

noticeable drop in transmittance at approximately 380 nm is attributed to the fundamental absorption 

edge of ZnO (47). The transmittance, as per the Beer-Lambert law (Eq. 2.1), is an optical property 

that is heavily dependent on the film thickness (48): 

−log I(λ )/I0(λ ) = −log T (λ ) ≡ A(λ ) = cε(λ )t, (2.1) 

where I(λ ) and I0(λ ) are the intensities of the incident and transmitted radiation at the wavelength λ , A(λ ) 

is the absorbance, c is the volumetric molar concentration of the absorptive species, ε(λ ) is the 

molar absorption coefficient of the material, and t is the film thickness. An increase in thickness 

indicates an extended optical path length, leading to greater light absorption and, consequently, a 

decrease in the detected transmission signal. In the case of the fabricated films, the accumulation 

of layers resulted in increased film thickness, causing a reduction in transmittance to approximately 
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75% within the visible region. Apart from the thickness effect, the rise in photon scattering due to 

the formation of defects, such as oxygen vacancies, also contributes to the decrease in the average 

transmittance of the films in the visible region (49). 

The points of inflection of the transmission spectrum, identified as the maxima in the first 

derivative, can be interpreted as indicative of the absorption edges (50, 51). Consequently, the energy 

bandgaps were calculated by identifying the peaks in the first derivative of the UV-Vis spectrum, as 

illustrated in the inset of Fig. 6. The peak at 3.75 eV is attributed to the FTO substrate as its 

optical band gap falls within 3.6 to 4.0 eV, depending on the level of fluorine incorporation (52). 

The other peak is assigned to the absorption by the ZnO film. The bandgap of 3.33 eV is aligned 

with previously reported values for bulk ZnO (30, 53) and ZnO thin films (54, 55). The average 

ZnO particle size was determined by TEM to be about 50 nm. At this size range, quantum 

confinement effects are not expected to influence the gap (56, 57). 
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Figure 6 – (a) X-ray diffraction patterns of ZnO film on FTO substrate; (b) UV-vis transmittance 
spectrum (inset: 1st derivative showing the absorption of FTO and ZnO); (c) Urbach energy plot for a 
ZnO film; (d) Raman spectra of the FTO substrate, and ZnO films deposited on FTO and Si 
substrates. 
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As will be discussed later, the films consist of agglomerated nanoparticles, resulting in 

numerous grain boundaries. Due to the crystalline lattice symmetry disruption, these boundary regions 

contain numerous structural defects acting as electron traps, creating defect states located a few millivolts 

below the conduction band (58). 

These localized states within the bandgap give rise to tail states at the band edges, 

extending into the optical band. These tails cause an exponential reduction in the absorption 
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coefficient, resulting in a characteristic energy known as the Urbach energy (Eu). Therefore, Eu is a 

parameter that correlates band tail phenomena with lattice disorder and crystal defects. It can be 

calculated using the Urbach empirical equation: 

α = α0 ehν/Eu, (2.2) 

 
where α0 is a constant. From eq. 2.2, the Urbach energy can be determined as the reciprocal of the 

slope of the line that fits the relationship ln α vs. hν in the linear region of the exponential curve (as 

shown in Fig. 6c). The calculated mean value of Eu was approximately 0.236 eV. In the literature, Eu 

values typically fall within the range of 0.1 to 0.4 eV (59, 60). Higher Eu values suggest a higher 

degree of lattice disorder and a more significant contribution of defects in the localized states within 

the optical gap. 

It is worth noting that the Urbach energy is also influenced by particle size. Smaller 

nanoparticles experience stress and deformation during formation, leading to increased structural disorder 

and, consequently, higher Eu values (60, 61). These findings align with existing literature and are 

consistent with the other results. 

Figure 6d displays the Raman spectra of the FTO substrate (red line), the ZnO film 

on the FTO substrate (blue line), and the ZnO film on the Si substrate (black line). ZnO exhibits 

a wurtzite structure characterized by C6v4 (P63mc) space group symmetry, with four atoms 

constituting its primitive cell. Following group theory, at the wavevector k = 0 (Γ) in the ZnO 

phonon dispersion relation, the optical phonons are described by the following irreducible 

representation: Γ = A1 + E1 + 2E2 + 2B1, where only the B1 modes not Raman active. 

Furthermore, the A1 and E1 are polar modes and can be further divided into transverse optical, 

A1(TO) and E1(TO), and longitudinal, A1(LO) and E1(LO), components. Both of these polar modes 

are not only Raman active but also infrared active. Additionally, E2 is a non-polar mode that 

exclusively exhibits Raman activity. This branch can be further subdivided into two components: one 

at lower frequency E2(low), attributed to the heavy Zn sublattice, and another at higher frequency 

E2(high), associated with the vibration of oxygen atoms (62, 63). 

The vibrational peaks at approximately 127, 303, 520, and 615 cm−1 are assigned to the 

Si substrate. Additionally, it is possible to observe the frequencies of the followingfundamental 

optical modes of ZnO: E2(low) at 100 cm−1, E2(high) at 465 cm−1, A1(TO) at 356 cm−1, A1(LO) 

at 574 cm−1, E1(TO) at 401 cm−1, and E1(LO) at 583 cm−1. These values are in agreement with the 

results reported in the literature (63). 
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Šć epanović  et al.(64) employed Raman spectroscopy to investigate structural dis- order 

in ZnO nanoparticles obtained by mechanical milling. Their findings indicated that the broadening 

and redshift observed in the E2(high) and E1(LO) modes were associated with increased disorder 

in the ZnO crystal resulting from mechanical milling. They used reference values of 438 and 590 

cm−1. Therefore, based on the vibrational mode values obtained in this study, it is reasonable to suggest 

that the deformation and defects induced by the chemical growth of ZnO nanoparticles also lead to 

broadening and redshift effects. 

 
2.3.2 Electrical properties 

 

Figure 7a presents an atomic force microscopy (AFM) scan conducted in contact 

mode, covering a 2 µm × 2 µm area of a ZnO thin film. This image reveals the granular structure of the 

film with a root mean square (RMS) roughness of 19.4 nm. 

In contrast, Fig. 7b displays an EFM image obtained in lift mode through a two-pass scan. 

In the first pass, the probe operated in tap mode to scan the topographic features. During the second 

scan, the cantilever was elevated to a height of 40 nm to minimize the influence of van der Waals forces. 

This elevation allowed for detecting variations in the electrical force gradient, effectively isolating the 

electrical effects from topography (65). The scan was performed while 

applying a voltage of −4 V to the tip. The image in Fig. 7b shows the distribution of electrostatic 

forces on the film’s surface. 

The dark contrast observed in the grain face region indicates a weak repulsive 

electrostatic interaction, while the bright contrast in the grain boundary region indicates a strong repulsive 

interaction (66). This contrast intensity variation confirms the different accumulation of charge in the 

grains and GB, which, in turn, leads to distinct charge transport processes across the interface. 

To investigate this electrostatic interaction, scans were also conducted while applying a positive tip 

voltage of +4 V. However, only the image generated with negative polarization is presented due to the 

contrast intensity. As an intrinsically n-type semiconductor, ZnO presents the tendency to trap negative 

charges on its surface, intensifying the repulsive electrostatic interaction. 

The height profile and phase shift data for the lines drawn on the maps are overlaid on the 

images. The depth and height along the z-axis range from −40 nm to +40 nm. The phase shift 

peaks observed between grains, indicating an increase in the electrostatic interaction intensity, clearly 

demonstrate the accumulation of charge in that region. 
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Figure 7 – (a) Topographic height of a ZnO film (taken in contact mode), clearly depicting the 
presence of grains and grain boundaries; (b) EFM image of the ZnO film corresponding to Vtip = 4 
V, showing a variation in the electrostatic interaction at grain boundaries. Overlaid on the images are 
line profiles corresponding to the height and phase shift. 
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c-AFM was employed to create a current map (Fig. 8a) applying a +100 mV voltage to 

the substrate to gain deeper insights into the charge-trapping process. In Fig. 8a, the brightest regions on 

the current map represent the highest current signals. It is apparent from the map that there is a non-

uniform distribution of current flow at a fixed bias voltage. This non-uniformity arises because the 

lateral changes influence the conductive pathways along the sample surface in the rectifying contacts 

between the tip and ZnO nanoparticles. These variations result in different current flows through the 

metal-semiconductor contacts (67). This non-uniform conduction pattern suggests that the grains 

consist of agglomerations of nanoparticles. This inference is corroborated by the AFM phase 

imaging (PI-AFM) data, as depicted in Fig. 8c. 

PI-AFM is sensitive to the tip and surface interaction, operating in tapping mode to map 

surface elasticity space variations. This technique detects phase shifts associated with the proximity 

of the probe to the material and effectively maps local physical layers and surface morphology 

(68). The phase image of the ZnO film surface, as seen in Fig. 8c (right), reveals numerous phase 

transitions. A transition from one layer to another within a grain corresponds to an approximately 9.09◦ 

phase shift, indicating a change in the interaction between the tip and the surface of a single ZnO 

nanoparticle. The yellow circles highlight what appears as a continuous grain (Fig. 8c - left) is revealed 

in the phase image (Fig. 8c - right) to be a cluster. This localized surface phase morphology supports 

the assumption that each grain consists of an agglomeration of ZnO nanoparticles, contributing to the 

non-uniform conduction pattern observed in c-AFM. 
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Figure 8 – (a) c-AFM image of a ZnO film surface; (b) I-V characteristics of grain 
and GB using the c-AFM tip showing a rectifying behavior. Inset: A semi-log plot 
of forward bias I-V characteristics obtained from grain and the GB; (c) AFM image 
highlighting one grain inside the yellow circle (left side) and AFM phase image of the 
same grain, revealing smaller contours that indicate the presence of agglomerated 
nanoparticles (right side); (d) AFM image of a zoomed-in grain on a ZnO film (left side) 
and a localized current distribution map of both the ZnO grain and grain boundary 
(GB), as determined by c-AFM (right side). Overlaid on the images are line profiles 
corresponding to topographic height and current. 
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To investigate conduction in grain faces and GB, the area of a grain was magnified (Fig. 

8d - left side), and the current distribution across the grain face and grain boundary was recorded in 

a local scan. The current map in Fig. 8d (right side) confirms higher conduction in the region of the 

grain face (clear contrast), as further demonstrated by the topographic profile and the current profile 

overlaid on the images. It is possible to observe a gradual increase in current away from the grain 

boundary. The sharp drop in current values at the GB indicates the confinement of charges, making the 

conduction process through the interface more challenging. 

Structural defects, such as vacancies and interstitial atoms, are crucial in all oxide 

materials, including ZnO. As previously discussed, defects in the crystalline lattice introduce 

optically active states within the bandgap, effectively creating potential wells for charge carriers. This can 

impede the efficient collection of charge across the grain boundary (69, 70). 

These localized states at grain boundaries give rise to a spatial charge region re- 

sponsible for forming a potential barrier between the grain face and the grain boundary. At the interface 

between the grain and grain boundary, the bending of the conduction band due to this potential barrier 

can influence the charge transport process within the material (18). The local current-voltage (I-V) 

characteristics in grains and grain boundaries were recorded using c-AFM to quantify the difference in 

potential barrier height between the grain and grain boundary. The tip was ramped under a ±0.4 V bias 

voltage, resulting in the I-V curves shown in Fig. 8b. 

These curves exhibit clear rectifying behavior due to forming a Schottky-like junction 

between the Pr-Ir tip and the ZnO film (a metal-semiconductor contact). According to the 

thermionic emission (TE) theory, the current through the junction barrier as a function of the applied 

voltage is given by the following equation (17, 18): 

I = IS  exp − 
 qV  

− 1 , (2.3) 
nkBT 

where the saturation current IS depends on the potential barrier and is related to it according to: 

IS ∝ exp − 
 Φ  

, (2.4) 
nkBT 

where Φ is the Schottky barrier height (SBH), n is the ideality factor, kB is the Boltzmann 

constant and, T is the temperature. According to the TE model, the Schottky diode parameters n and Φ 

are presumed independent of voltage. These parameters are derived, respectively, from the slope and 

intercept of the line that best fits the relationship between ln I and V (as illustrated in the inset of Fig. 

8b), expressed as: 

ln I = 
qV

 
nkBT 

+ ln IS. (2.5) 
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Considering that both the grain and the GB form similar contacts, the change in potential barrier height 

∆Φ can be calculated as: 

                                                                              ∆Φ = n��T ln
�

�

��
�                                                                       (2.6) 

where ��
� and ���

�  are the saturation currents at the grain and the grain boundary (19). 

The ideality factor serves as an indicator of the non-ideal behavior exhibited by the 

Schottky diode. Adjusted values for n in both the grain and the grain boundary were determined to be 2.20 

± 0.1 and 5.0 ± 0.3, respectively. Deviations from ideality can be attributed to the specific current 

conduction mechanism under consideration. The TE model, which solely considers the thermionic 

emission mechanism while disregarding tunneling, recombination processes, and the series 

resistance at the metal-semiconductor junction, results in a higher ideality factor (59). Consequently, since 

defect states concentrated within grain boundaries act as charge traps, the n factor for the GB is slightly 

higher than that for grain faces. The calculation of ∆Φ between the grain and GB was carried out 

using the mean value of n as 3.60 ± 0.2. 

The application of TE model equations yielded current values of ��
� = 1.29 ±

0.2 �� and ���
� = 0.75 ± 0.2 ��. Substituting these values into eq. 2.6, a variation in the potential 

barrier height of ∆Φ = 50.4 ± 0.2 meV was obtained. This variation in ∆Φ at the grain/GB interface 

induces a modulation in the contact potential difference at the film surface, as observed through KPFM 

measurements. 

To further investigate the nanoscale electronic properties of the ZnO film, KPFM 

measurements were conducted, and the outcomes are shown in Fig. 9. KPFM enables simultane- ous 

mapping of topography and the measurement of local contact potential differences between the scanning 

tip and the sample. This technique has been extensively utilized in investigating photovoltaic materials 

(71, 72). KPFM measurements were conducted in single-pass mode, with an AC voltage of +1 V applied 

to the Pt-Ir-coated cantilever. 
From the measured contact potential difference (VCPD) between the tip and the 

sample, it was possible to calculate the work function of the ZnO film (ΦZnO) using the equation ΦZnO 

= Φtip − eVCPD, where Φtip is the work function of the Pt-Ir tip, and e represents the electronic 

charge. 

The height and potential images are presented in Figs. 9a and 9b, respectively. The height 

and potential profiles obtained from the lines in Figs. 9a and 9b are overlaid on the images. The profiles 

reveal a modulation in contact potential within the grain and GB regions. The VCPD  potential values 

for the grain face and GB were found to be 164 mV and 213 mV, respectively. Given that the work 
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function of the calibrated Pt-Ir tip is Φtip = 4.1 eV, the work function of the ZnO film on the grain face 

(ΦG) and at the GB (ΦGB) was determined to 3.93 eV and 3.89 eV, respectively. 

Figure 9 – (a) KPFM topographical image of 4 layers thick ZnO film; (b) corresponding contact 
potential difference map. Overlaid on the images are height and contact potential variation line profiles. 
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Notably, Fig. 9b showcases a distinct variation in surface potential at the nanoscale. The 

region with more pronounced contrasts on the nanostructured surface (the GB region) exhibits a 

lower work function than the surrounding areas. The average value estimated for the film’s work 

function is consistent with values reported in the literature for ZnO (5, 6). 

In the extensive electrical characterization of ZnO film-based nanostructures, most studies 

focus on macroscopic parameters rather than local ones like grains and grain boundaries. This emphasis 

on macro parameters complicates data comparison and correlation. Additionally, the electrical properties 

are not solely influenced by grain boundaries; they are also affected by morphological and 

structural characteristics, film thickness, annealing temperature, and the introduction of dopants. 

Table 1 outlines electrical parameters derived from the observed rectifying behavior in I-V curves 

and extracted from the TE model for diverse ZnO-based nanostructures in the literature. 

In studies that identified the formation of grains and grain boundaries within ZnO- based 

thin films (first three lines of Table 1), localized I-V measurements verified the establishment of 

Schottky contacts with small variations in the height of the local potential barrier between grain and 

GB. The values are very close across the cited references despite other properties presented. The 

standout feature is the saturation current values obtained in this work. Both in grains and grain boundaries, 

the local current gain reaches approximately 103, affirming the feasibility of producing high-quality 

films with good charge transport characteristics and effective rectifying behavior for optoelectronic 

applications. This achievement is accomplished through a straightforward and cost-effective 

technique of spin coating. 

Within this same group, it is possible to discern the impact of defect states introduced by 

grain boundaries on the work function values of the films. As explained earlier, these defect 

states alter the semiconductor’s Fermi level, shifting it toward the conduction band. 

Consequently, the local work function values at grain boundaries are slightly lower, by a few 

millivolts, compared to the local values at grains. This local fluctuation in the work function at 

grain boundaries signifies electronic heterogeneity across the film surface, reinforcing the 

consistency with the other findings presented. 
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Table 1 – Electrical parameters acquired from I-V curves at grain and grain-boundary regions. 
Comparison between results obtained in this work (*) and studies published in the literature. ZTO = 
ZnO:SnO2; AZO = Al-doped ZnO; SZT = Ti-doped ZnO-SnO2. 

 
G GB 

 
 
 
 
 
 

 
Source: Author. 

 
 

2.3.3 Energy band diagram and local band bending 

 

According to the Schottky-Mott theory (14, 15), when dealing with an n-type semi- 

conductor where ΦM > ΦS (where ΦM and ΦS are the metal and semiconductor work functions), the metal-

semiconductor contact exhibits rectifying behavior, indicating the formation of a potential barrier. 

Indeed, due to the work function values observed for the ZnO films and as demonstrated by the I-V 

curve in Fig. 8b, a rectifying contact was established between the Pt-Ir tip and the ZnO surface. 

]Figure 10 provides a possible energy band diagram that illustrates the process of barrier 

formation once equilibrium is achieved at the local metal-grain interface and metal-grain boundary 

interface. Upon bringing the metal tip into contact with ZnO, electrons with higher energy from the 

semiconductor’s conduction band flow into the metal until the Fermi levels align. As electrons transfer 

from the semiconductor to the metal, the concentration of free electrons near the interface diminishes, 

leading to a displacement of the Fermi level (EF ) away from the conduction band edge (EC). 

In thermal equilibrium, EF remains constant, causing EC to shift upward. Since the 

semiconductor’s optical gap and electron affinity remain unchanged after contact with the metal, the 

valence band edge (EV ) also shifts upward in parallel with EC along with the vacuum level. In a metal-

semiconductor system in thermal equilibrium, the vacuum level must maintain continuity across the 

transition region. Consequently, to ensure continuity, the semiconductor-side vacuum level must 

gradually approach the vacuum level on the metal side, resulting in band bending. The difference in 

vacuum levels, equivalent to the difference in work functions, dictates the local band bending (10, 16). 

 

 

 

 

ZnO-based Deposition technique Eg IS IS ∆Φ ΦG ΦGB Ref. 

structure  (eV) (nA) (nA) (meV) (eV) (eV)  

ZnO Spin coating 3.33 1.29 0.75 50.40 3.93 3.89 * 

ZTO Magnetron sputtering 3.15 0.054 0.032 36 4.98 - (19) 

AZO Magnetron sputtering - 0.079 0.041 50 - - (17) 

SZT Spin coating 4.1 - - 0.56 - - (73) 

ZnO Atomic layer deposition - - - 44 - - (74) 

AZO Magnetron sputtering - - - 0.98 - - (75) 
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Figure 10 – Energy band diagram scheme of the local contact between the metal tip and the n-
type ZnO film in grain and grain boundary region (red line). 
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The accumulation of defect states within the grain boundary increases the carrier 

density. It shifts the Fermi level of the semiconductor closer to the conduction band (by 

approximately 0.236 eV, as indicated by the calculated Urbach energy). This shift reduces the local 

work function value in that region. In this area, achieving EF alignment necessitates a more substantial 

band bending, potentially influencing local electrical transport. Based on the provided work function 

values (Φtip, ΦG, and ΦGB), a local band bending of 0.169 eV in the grain and 0.219 eV at the GB 

were found. The band bending at the GB region is approximately 50.47 eV greater than the value at 

the grain face, consistent with the difference in potential barrier height computed using the thermionic 

emission theory (50.40 meV). 

While there is limited literature on characterizing local electrical and charge transport 

parameters in zinc oxide films via local probe microscopy studies, it is possible to analyze and compare 

data related to potential barrier height, local current saturation values, and work function values in 

structures involving ZnO and other oxide materials (19, 17, 42, 76). 

 
2.4 Conclusions 

 

This work demonstrated the presence of GB in ZnO films grown on a conductive 

substrate and how they impact the current and potential barrier at the nanoscale. Topographic images 

and EFM measurements confirmed the presence of GB and charge trapping in the region. The presence of 

defect states that result in charge confinement and control transport through the film was numerically 
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indicated by the Urbach energy (0.236 eV). In an FTO/ZnO/Pt-Ir structure, the formation of a Schottky-

type junction between the semiconductor ZnO and Pt-coated tip was evident. Measurements of the 

variation of the KPFM surface potential confirmed the formation of the Schottky junction based on the 

work function values obtained (ΦG = 3.93 eV and ΦGB = 3.89 eV). Band bending in the GB was confirmed 

by local I-V curves obtained from c-AFM measurements at a fixed point but at many randomly chosen 

locations. The local current values in the grains (��
�=1.29 ± 0.2 nA and GB (���

� =0.75 ± 0.2 nA) and the 

variation in the potential barrier between grain and GB (∆Φ = 50.40 ± 0.20 meV) indicate that band bending 

and the variation in surface potential at grain boundaries directly affect charge transport in the films. Data 

on potential barriers in structures such as grain boundaries, commonly found in oxide-based films, 

represent significant advances in understanding nanoscale charge transport in this class of semiconductors. 

Therefore, the present study is expected to contribute to fabricating high-mobility transparent electrodes 

based on ZnO thin films, TCOs, transparent photodetectors, oxide-based solar cells, and other 

optoelectronic devices. 
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3 OHMIC-TO-SCHOTTKY MODIFICATION OF ZnO-METAL CONTACT MOD- 

ULATED BY FILM THICKNESS 

The present work systematically investigated the structure and charge transport behavior 

at the interface between a Pt-Ir metal contact and transparent zinc oxide (ZnO) electrodes deposited on a 

conductive fluorine-doped tin oxide (FTO) substrate with one, four, and eight ZnO layers. 

Electrostatic force microscopy (EFM), Kelvin probe force microscopy (KPFM), and conducting 

atomic force microscopy (c-AFM) techniques were employed to explore the nanoscale surface 

electrical properties. The variation in thickness led to changes in the type of contact formed between 

metal and semiconductor (M-S), which went from ohmic to rectifier with the increase in the number 

of layers. The modulation in the type of M-S contact formed was mainly due to the presence of grain 

boundaries (GB) during film formation. EFM measurements revealed the presence of charge trapping 

within the grain boundary region, suggesting localized band-bending effects. KPFM measurements 

obtained local work function values, which were slightly higher in the GB region in all samples, 

attributed to the shift of the Fermi level towards the conduction band caused by the defect states 

inserted by the GBs. The influence of the thickness synthesis parameter on the optoelectronic and 

charge transport properties of conductive and transparent ZnO electrodes is demonstrated, and its 

importance in the formation of M-S contacts that make zinc oxide a versatile semiconductor, which 

finds different applications, depending on the type of metal-semiconductor contact formed. 

 
3.1 Introduction 

 
Zinc oxide is an intrinsically n-type semiconductor, exhibiting a large direct band gap 

of 3.37 eV, a high exciton binding energy of 60 meV, and robust charge mobility, enabling the 

formation of thin films with optical transparency (77, 78, 30). Due to its outstanding 

optoelectronic and electrical properties, it finds applications in blue/UV light-emitting diodes and lasers 

(79, 80), transparent conducting oxide (TCO) (17, 49), and selective charge layers on solar cells (81, 82). 

All these technologies require metal contacts, and to achieve high-performance devices, 

understanding how electrical contacts are influenced by the nature of ZnO surfaces and ZnO-metal 

interfaces is crucial. 

ZnO thin films can form either ohmic or Schottky contacts with metals. However, for efficient 

current injection, nanoscale devices must operate with low contact resistance and precise control of band 

bending. Many ZnO-based devices require electrodes with good ohmic contacts, as low contact 

resistance, insignificant compared to the bulk resistance of the semiconductor, can result in a lower 

voltage drop across the electrode, thereby increasing the current injection efficiency of the device (9, 

10). The utilization of ohmic contacts in photoconductive-type photodetectors by Reyes et al. 
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(11) revealed current gain, albeit at slower response speeds. Conversely, photodetectors with Schottky 

contact electrodes generally exhibited faster response speeds and less noise current, as reported by Su 

et al. (12). Hwang and Hong (13) noted that a significant Schottky-barrier height (SBH) at the metal-

semiconductor interface of Schottky- barrier photodetectors leads to a small leakage current and high 

breakdown voltage, thereby improving device performance. 

The fabrication of stable rectifier metal contacts poses a considerable challenge, as 

reported in the literature (13, 83). Schottky-type contacts are influenced by the Fermi-level pinning 

effect introduced by the presence of defect states. Defect states introduced by dopants and grain 

boundary regions arising from the thermodynamic driving force of film growth are inserted into the 

optical gap of semiconductors (37, 84, 19). These charge-trapping regions result in band bending 

that can control the local charge transport process through the ZnO-metal electrode junction (85). 

Various parameters influence the optical and electrical characteristics of ZnO films, 

including annealing temperature, deposition technique, and film thickness (8). The surface 

properties of ZnO play a crucial role in modulating the contact characteristics between ZnO and metals. 

Therefore, controlling the film deposition conditions in the fabrication of ohmic and Schottky ZnO-

metal contacts can contribute to developing high-performance devices (86). 

Several research groups have investigated metal contacts manufactured from ZnO- based 

nanostructures in recent studies. Li et al. (86) analyzed the influence of metal coating on ZnO films 

grown on silicon substrates through hydrothermal reactions, revealing the impact of the type of metal 

on the formation of ohmic or Schottky contacts. The researchers also associated the contact formed at the 

ZnO/metal interface with the emission properties of ZnO nanostructures, finding that the UV ZnO near 

band edge (NBE) emission is affected by whether the contact is ohmic or Schottky. Su et al. (9) 

demonstrated the modulation of ZnO/Au contacts from ohmic to Schottky through plasma surface 

treatments on ZnO thin films prepared by radiofrequency plasma-assisted molecular beam epitaxy 

(RF MBE). They observed the ohmic behavior of ZnO/Au contacts exposed to Ar/N2 plasma and a 

transition to rectification behavior when treating the ZnO surface with O2 plasma. Lin et al. (87) 

induced the ohmic-rectification conversion of MoS2/ZnO contacts by treating ZnO-nanorod 

samples in a H2O2 solution, enhancing the rectification performance of MoS2/ZnO nanorod devices 

and increasing their responsivity to solar irradiation. 

This work used scanning probe microscopy in EFM, KPFM, and c-AFM modes to 

analyze the ohmic to Schottky conversion of ZnO/PtIr (platinum-iridium) contacts. This modu- lation 

was achieved by controlling the thickness of ZnO films spin-coated on FTO conductive substrates. 

The influence of the number of layers on the charge transport properties of contacts was also 

investigated. EFM measurements scanned surface topography, revealing evidence of charge trapping 

on grain boundary (GB) regions and confirming the presence of defect states that shift the Fermi level of 

the semiconductor toward the conduction band. This shift influences the work function and, 
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consequently, the metal-semiconductor (M-S) contact. KPFM measurements were performed to confirm 

the formation of an ohmic or rectifying metal-semiconductor contact and to highlight the band bending 

occurring due to the potential barrier formed on M-S rectifying contacts, influencing the charge transport 

process. Ohmic and rectifying behaviors were recorded in IV curves obtained by c-AFM. Thermionic 

emission (TE) model equations provided informa- tion about the charge transport of Schottky barrier 

devices, extracting local saturation current and local potential barrier height data. Additionally, 

ultraviolet-visible (UV-vis) spectroscopy was employed to determine the optical properties of films, 

while X-ray diffraction (XRD) and Raman spectroscopy were performed to determine their structural 

properties. 

This work aims to enhance understanding of electrical parameters and the local charge 

transport process in ZnO films widely used as electrodes in optoelectronic and other devices. These 

films can be produced using a simple technique while exhibiting good conduction characteristics. 

Notably, the film thickness was identified as a parameter that can control the metal-semiconductor 

contact and influence the charge transport properties. 

 
3.2 Experimental procedure 

 
3.2.1 Synthesis of zinc oxide nanoparticles solutions and films 

 

The zinc oxide nanoparticles were prepared using the coprecipitation method, fol- lowing 

a procedure similar to the one reported in the literature (32, 43). Zinc acetate dihydrate (Zn(CH3COO)2 

·  2H2O, ≥ 99%, Neon) and potassium hydroxide (KOH, Sigma Aldrich) in absolute methanol 

(CH3OH, Sigma-Aldrich) were employed. The synthesis initiated with the preparation of a 

Zn(CH3COO)2 ·  2H2O solution (2.97 g) in methanol (125 ml) heated to 60◦C. Simultaneously, a 

KOH solution (1.51 g) in methanol (65 ml) was heated to 60◦C. The KOH solution was then added 

to the zinc acetate solution for 30 seconds. Following the addition, the mixture was gently refluxed 

at the same temperature and stirred for 3 hours, leading to precipitation. The stirring bar was 

removed, and the mixture stood at room temperature for 24 hours. After careful decanting, the 

precipitate was re-suspended in methanol (125 ml) and allowed to settle for an additional 24 hours, 

after which the methanol was removed, ensuring that the precipitate was drained without completely 

drying it. 

The resulting precipitated ZnO nanoparticles were redispersed in 1,2-dichlorobenzene 

(anhydrous 99%, Sigma Aldrich) at a concentration of 50 mg/ml. To maintain nanoparticle 

stability, 2-(2-methoxyethoxy)acetic acid (MEAA, Sigma Aldrich) was added at a concentration of 

4% w/w relative to ZnO. The addition of MEAA provided solutions stability for months under 

atmospheric conditions, facilitating film preparation through coating methods such as spin-coating. 
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Fluorine-doped tin oxide (FTO) coated glass substrates (surface resistivity approx- 

imately 7 Ω/sq, dimensions 20 mm×10 mm×2.5 mm, Sigma Aldrich) served as transparent 

conductive substrates. Before film deposition, all substrates underwent ultrasonic cleaning with 

deionized water and isopropyl alcohol. The deposition process involved spin-coating 30 µl of the 

zinc oxide solution onto FTO substrates using an Ossila spin coater without vacuum at 1200 rpm for 30 

seconds. Subsequently, the deposited films underwent heat treatment on a hot plate at 

310 ◦C for 30 minutes to polymerize the zinc oxide film (32), resulting in the sample referred to 

as ZnO1 (one layer of ZnO film). 

This deposition process was repeated four times, interspersed with heat treatment steps at 

310 ◦C for 5 minutes, yielding samples labeled ZnO4 (four layers of ZnO film). After the final layer, 

the films were treated at the same temperature for 30 minutes. The same process was iterated eight times 

to obtain ZnO8 samples (eight layers of ZnO film), with 30 minutes of heat treatment after the last 

layer. 

 
3.2.2 Characterization techniques 

 

Transmittance spectra were obtained at room temperature using a UV-Vis spec- 

trophotometer Shimadzu model UV-2600, equipped with an integrating sphere (ISR-2600Plus), covering 

the wavelength range of 220 to 800 nm. Raman spectroscopy was performed using an Alpha 300 

Witec system. The excitation source was the 532 nm laser line, delivering a laser power of 0.6 

mW with an accumulation time of 2 seconds. X-ray diffraction patterns were recorded using a 

Rigaku SmartLab SE X-ray diffractometer with a theta-theta goniometer configured in Bragg-

Brentano geometry and operated at a power of 1.4 W (40 kV and 35 mA). Co-Kα (λ = 0.1789 nm) 

was used as the radiation source. 

All nanoscale electrical measurements were carried out using an atomic force mi- 

croscope Asylum MFP-3D-Bio AFM from Oxford Instruments. Conductive tips (Pointprobe 

Silicon SPM-Sensor probes, NanoWorld) were used, featuring a tip radius of 20 nm, stiffness of 

2.8 Nm−1, resonant frequency of 75 kHz, and platinum-iridium (Pt-Ir) coating. 

c-AFM measurements were performed in contact mode. The elevation mode was used 

for KPFM and EFM measurements, with a height of 40 nm above the film surface. Local I-V 

measurements were conducted with the Pt-Ir conductive tip and the FTO substrate configured as the top 

and bottom electrodes, respectively. This configuration formed the Pt-Ir/ZnO/FTO heterojunction 

through which electron transport was analyzed. These measurements were conducted at numerous 

selected locations on each sample (ZnO1, ZnO4, and ZnO8), with scan speeds varying from 0.2 to 

0.5 Hz. 
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3.3 Results and discussion 

 
3.3.1 Structural and optical properties 

 

Figure 11a shows the X-ray diffraction pattern obtained for thin films ZnO1, ZnO4, and 

ZnO8 deposited on an FTO conductive substrate. The diffraction peaks associated with the {110}, 

{101}, {200}, and {211} crystallographic planes are attributed to the polycrystalline SnO2:F phase of 

FTO. These observations align with the tetragonal rutile crystal structure (space group P42/mnm), as 

confirmed by the ICSD card file number 9163. 

In addition to the SnO2 structure, the X-ray diffraction pattern reveals a characteristic 

wurtzite-type hexagonal crystalline arrangement (space group P63mc) attributed to the ZnO crystal, 

consistent with ICSD data sheet number 26170. Notably, there is an increase in peak intensity at 2θ 

= 40.2◦ with an increase in the number of deposition layers. This peak corresponds to the well-known 

basal planes {002} of ZnO. Notably, the {101} planes of SnO2:F overlap with the {002} basal planes 

of the wurtzite structure. This overlap renders the ZnO film less discernible in the ZnO1 film, consistent 

with a previous investigation (88). However, as the number of layers increases in ZnO4 and ZnO8, the 

ZnO deposition over the FTO substrate becomes more evident. A slight difference between the ICSD 

standard file card and the experimental results was noted, presumably due to variations in the unit cell 

lattice size of the material (45). 

Figure 11 –(a) X-ray diffraction patterns of ZnO films on FTO substrate; (b) UV-vis transmittance spectra 
(inset: 1st derivative showing the absorption of FTO and ZnO). 
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Source: Author. 
 

Figure 11b presents the transmittance spectra in the ultraviolet-visible region of ZnO1, 

ZnO4, and ZnO8 films, indicating a reduction in transmittance at the characteristic fundamental 

absorption edge of ZnO (47). Due to the thickness effect, the edge is red-shifted from approximately 

371 nm to 376 nm. According to the Beer-Lambert law (48), an increase in thickness results in an 

extended optical path length, leading to increased light absorption and, consequently, a decrease in 

the detected transmission signal. In the case of the ZnO films, the transmittance decreased from 80% 

to approximately 70% with the increase in the number of layers from one to eight. 

Furthermore, the shift in the absorption edge may be attributed to grain size and/or carrier 

concentration effects (89). As AFM and EFM measurements will reveal, all the films consist of 

nanoparticles with an average size of 50 nm (estimated from a TEM measurement not shown) 

agglomerated into grains that appear during film formation due to the thermodynamic forces involved 

in the growth process. Grain boundaries contain numerous structural defects that increase photon 

scattering, contributing to the decrease in the average transmittance of the films in the visible region. 

The accumulation of layers increases the number of nanoparticles agglomerated into grains, making 

the grains larger. 

The energy band gaps were calculated by identifying the peaks in the first derivative of the 

UV-Vis spectrum, as illustrated in the inset of Fig. 11b (88, 50, 51). Peaks at 3.75 eV are attributed 

to the FTO substrate, which has band gap values falling within 3.6 to 4.0 eV, depending on the level of 

fluorine incorporation (52). The other peaks are assigned to the absorption by the ZnO films, clearly 

demonstrating the dependency of the energy band gap on the film thickness. The band gap values 

decrease with increased layers, measuring 3.34 eV, 3.32 eV, and 3.30 eV for ZnO1, ZnO4, and 

ZnO8 films. 

 
3.3.2 Electrical properties 

 

The images presented in Fig. 12 (left images) were obtained during the initial pass of an 

atomic force microscopy measurement in lift mode through a two-pass scan, with the probe in tap mode. 

These images revealed the granular morphology of the films, with a root-mean-square (RMS) roughness 

of 19.41 nm for ZnO1, 35.91 nm for ZnO4, and 40.25 nm for ZnO8. Surface roughness increased 

with film thickness, along with an increase in grain sizes and numbers. 

Figure 12 (right images) displays EFM images obtained in the second pass, applying a −4 

V voltage between the tip and the film surface while the cantilever oscillates 40 nm above the film 

without contact. The grain faces appeared in a dark contrast for all samples, indicating 

a weak repulsive electrostatic interaction. The bright contrast in the grain boundary region 

indicated a strong repulsive interaction (66), revealing charge accumulation regions along the films 
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that lead to distinct charge transport properties and metal-semiconductor-type contacts. 

The height profile and phase shift data are overlaid on the images - the depth and height 

along the z-axis range from −40 to +40 nm. The phase shift peaks observed between grains indicate 

increased electrostatic interaction intensity, suggesting charge accumulation. As the number of layers 

increased, the phase shift data presented increasing values of 2.60◦, 9.09◦, and 12.3◦ for ZnO1, ZnO4, 

and ZnO8, respectively, corroborating the results. 

Due to the crystalline lattice symmetry disruption, grain boundary regions contain 

numerous structural defects, such as vacancies and interstitial atoms. Defects in the crystalline lattice 

introduce defect states within the bandgap, effectively creating potential wells for charge carriers (69, 

70). As an intrinsically n-type semiconductor, the Fermi level of ZnO is close to the conduction 

band. Introducing states in the bandgap brings the Fermi level closer to the conduction band, 

changing the value of the material’s work function and, consequently, the M-S type of contact, as 

evidenced in the KPFM measurements. 
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Figure 12 – Topographic height images (left) and EFM images (right) showing a 
variation in the electrostatic interaction at grain boundaries of (a) ZnO1, (b) ZnO4, and 
(c) ZnO8 films. Overlaid on the images are line profiles corresponding to the height 
and phase shift. 
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Kelvin Probe lift mode using an applied AC voltage of +1 V on the Pt-Ir-coated 

cantilever. The objective was to map the topography (Fig. 13, left side images) while simulta- 

neously recording local contact potential differences (VCPD) between the scanning tip and the sample. 

KPFM images, featuring overlaid height and potential profiles, are shown in Fig. 13, right side 

images. An evident modulation in VCPD is observed across the films, attributed to the presence of grain 

boundaries. Notably, the maps exhibit distinct variations in surface potential at the nanoscale. Grain 

boundary regions appear as pronounced contrasts on the nanostructured surface. 

By applying an external bias, KPFM minimizes the electrostatic interaction between the tip 

and the surface at each scanning point. This process can be directly interpreted in terms of a localized 

work function, expressed as: 

ΦZnO = Φtip − eVCPD, (3.1) 
 

where Φtip is the work function of the Pt-Ir tip and e represents the electronic charge (90). By 

substituting VCPD values into equation 3.1, along with the calibrated work function of the Pt-Ir tip, 

Φtip = 4.1 eV, the localized work function at grain and grain boundary regions of ZnO1, ZnO4, 

and ZnO8 films was calculated and is presented in Table 2. 

The GB region exhibited lower work function values in each sample than the grain face 

region. Defect states in these regions introduced defect states in the band gap, shifting the Fermi level 

toward the conduction band and reducing the work function, defined with reference to the vacuum level. 

The average work function between grain and GB of the films is presented in Table 2 to evidence the 

difference between samples of various thicknesses. 

The increase in grain size accompanying the growth in the number of layers results in 

lower work functions in the ZnO4 and ZnO8 films, as discussed earlier, displaying very similar 

values. Additionally, the work function of the ZnO4 film is slightly lower than that of the ZnO8 film. 

This difference can be attributed to the agglomeration of nanoparticles in a more concentrated 

manner, forming larger grains. 

Table 2 – Electrical parameters acquired from KPFM and I-V curves of local c-AFM measure- 
ments. 

GB 4.411 

ZnO4 
G 3.931 

3.906 50.47 
1.29 

50.41 
GB 3.881 0.75 

ZnO8 
G 3.944 

3.915 58.71 
1.09 × 10−3 

52.34 
GB 3.886 0.40 × 10 

Source: Author. 

Film Region Φlocal (eV) Φavg (eV) ϕ (meV) IS (nA) ∆Φ (meV) 

ZnO1 
G 4.432 

4.421 20.6 - - 
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Figure 13 – KPFM topographical images (left) and corresponding contact potential 
difference maps (right) of (a) ZnO1, (b) ZnO4, and (c) ZnO8 films. Overlaid on the 
images are line profiles corresponding to the height and contact potential variation. 
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According to the Schottky and Mott model (10), which describes the potential barrier formed 

in the contact between a metal and a semiconductor, when an n-type semiconductor has a work function 

lower than the work function of the metal (Φm > Φs), a rectifying contact is formed between them. 

In contrast, when (Φm < Φs), a non-rectifying contact, or ohmic contact, is formed. Considering the 

work function value of the metal and the average work function 
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value of each film, it can be concluded that there will be the formation of ohmic contact between the Pt-

Ir metal tip and the ZnO1 film and the formation of rectifier contacts between the Pt-Ir metal tip and 

the ZnO4 and ZnO8 films. The I-V curves obtained from c-AFM scans confirm the suggested contact 

types for each sample. 

The charge trapping identified by EFM and KPFM measurements suggests a non- 

uniform current flow distribution at a fixed bias voltage. The conductive pathways in c-AFM 

images along the film surface are influenced by lateral changes in the contact between the tip and 

ZnO nanoparticles, resulting in different current flows through the metal-semiconductor contacts 

(67). In our previous work (88), c-AFM was employed to create a current map by applying a +100 

mV voltage to the FTO substrate, allowing the observation of the non-uniform conduction pattern 

along ZnO4 samples obtained under the same conditions. 

In this study, c-AFM scans were conducted to gain deeper insights into how charge 

trapping influences the conduction process and the type of M-S contact formed. The local 

current-voltage (I-V) characteristics in grains and grain boundaries were recorded by applying a 

+100 mV voltage to the substrates, as depicted in the scheme in Fig. 14a, to study the conduction process 

through the M-S interface. 

From the curve presented in Fig. 14b, it is possible to observe the non-rectifier contact 

formed between ZnO1 and the Pt-Ir metal tip, with an unmistakable and characteristic linear I-V 

behavior of an M-S ohmic contact, corroborating with Schottky and Mott theory for Φm < Φs. Here, 

the current is determined by the resistance of the bulk semiconductor region and is independent of the 

direction of the applied bias. The value of the bulk resistance is given by the slope of the straight 

portion in the I-V curve (highlighted region within Fig. 14b). In general, the average work function of 

ZnO1 film has a value very close to the work function of the metal, offering a minimum resistance to 

the charge transport, hence the low average slope value. A slight reduction in the local saturation 

current in the GB region is also noted, possibly due to the defect states that act as charge traps. Low-

resistance metal contact with semiconductors results when the barrier height is zero or is small 

compared to the thermal energy kT . It often occurs when the thickness of the depletion layer contact 

barrier is reduced sufficiently for the field emission and thermionic field emission to dominate the 

current flow. The ohmic behavior presented by the ZnO1-PtIr contact suggests that the charge 

transport mechanism is based on carrier tunneling through a thin barrier. 
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Figure 14 – (a) c-AFM scheme; I-V characteristics of grain and grain boundary for (b) ZnO1, (c) 
ZnO4, and (d) ZnO8. Insets: A semi-log plot of forward bias I-V characteristics obtained from grain 
and grain boundary. 
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3.3.3 Energy band diagrams 

 

Figure 15 displays the electron energy band diagram suggested for the n-type ZnO1 before 

(Fig. 15a) and after the contact (Fig. 15b) with Pt-Ir metal that has a lower work function. Because of the 

smaller work function, the electrons in the metal are at a higher energy level than the electrons in the 

Fermi level of the semiconductor, as seen in Fig. 15a. When the materials are brought into contact 

(Fig. 15b), electrons begin to flow from the metal, owing to its higher energy, to the ZnO conduction 

band until the Fermi levels (EF ) are aligned. As electrons migrate from the metal to the semiconductor, 

the concentration of free electrons in the semiconductor region near the boundary increases, while 

positive charges remain on the metal side. The charge accumulation layer in the semiconductor is 

confined to a thickness on the order of the Debye length, essentially forming a surface charge. Due 

to the high concentration of electrons in the 
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metal, positive charges are also superficial and are contained at a distance of about 0.5 Å from the 

metal-semiconductor interface. Consequently, there is no formation of a depletion region in the 

semiconductor, nor a potential barrier for the flow of electrons, either from the semiconductor towards 

the metal or in the opposite direction (10). 

Figure 15 – Energy band diagram of the local contact between the Pt-Ir metal tip and the n-type 
ZnO1 film with Φm < Φs at the grain and grain boundary regions: (a) before contact, (b) in 
thermal equilibrium and (c) tunneling process. 

 

Source: Author. 

 
Furthermore, as the number of electrons in the semiconductor increases, the distance between 

EF and the edge of the conduction band (EC) decreases. However, in thermal equilibrium, EF remains 

constant, causing EC to shift upward parallel to the edge of the valence band (EV ) and the vacuum level. 

This shift occurs because the semiconductor’s optical band gap and electron affinity, defined as the 

energy difference of an electron between the vacuum level and the lower edge of the conduction band, 

remain unchanged after contact with the metal. 

In a metal-semiconductor system in thermal equilibrium, the vacuum level must 

maintain continuity through the transition region. Consequently, to ensure continuity, the vacuum level on 

the semiconductor side must gradually approach the vacuum level on the metal side, resulting in 

band bending (ϕ). The difference in vacuum levels, equivalent to the difference in work functions, 

determines the local band curvature (16). 

Note that the work functions of the metal and the GB are such that the Fermi levels are 

aligned before contact with the metal. In the grain region, due to the smaller presence of defect 

states, EF moves slightly away from the edge of the conduction band, requiring a small amount of 

band bending to align the EF levels (approximately 20.6 meV), forming a thin barrier 
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of potential between M-S, thin enough so that the dominant conduction process suggested is 

tunneling, as illustrated in Fig. 15c (91). 

Due to the thin depletion region, electrons with energy close to the Fermi level can tunnel 

from the semiconductor into the metal at low temperatures in a field emission transport process (10). 

These processes are suggested to explain the electron transport through the M-S ohmic contact 

observed. 

The I-V curves presented in Figs. 14c and 14d demonstrate that the ZnO4 and ZnO8 films, 

unlike ZnO1, formed rectifying contacts with the Pt-Ir metal, as predicted in KPFM 

measurements that showed that Φm > Φs for both films. These contacts suggest the formation of a 

potential barrier at the M-S interface, indicating that charge transport predominantly occurs through 

thermionic emission. 

According to the thermionic emission theory, the current through the junction barrier as a 

function of the applied voltage is given by (17, 18): 

I = IS  exp − 
 qV  

− 1 , (3.2) 
nkBT 

where the saturation current IS depends on the potential barrier according to: 

IS ∝ exp − 
 Φ  

, (3.3) 
nkBT 

where Φ is the Schottky barrier height (SBH), n is the ideality factor, kB is the Boltzmann 

constant and, T is the temperature. According to the TE model, the Schottky diode parameters n and Φ are 

presumed independent of voltage. These parameters are derived, respectively, from the slope and intercept 

of the line that best fits the relationship between ln I and V (insets of Fig. 14c and 14d), expressed as: 

ln I = 
qV

 
nkBT 

+ ln IS. (3.4) 

 
Considering that both grain and GB form similar contacts, the change in potential barrier height 

∆Φ can be calculated as: 

∆Φ = 
S 

nkB G 
GB 

(3.5) 

where IS and IS are the saturation currents at the grain and the grain boundary(19). 
G GB 

The application of TE model equations, carried out using the mean values of n as 

3.60 ± 0.002 and 2.03 ± 0.003 for ZnO4 and ZnO8, respectively, yielded the current values

 

, 
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shown in Table 2. Substituting these values into equation 3.5, variations in the potential barrier height 

of ∆Φ = 50.41 ± 0.002 meV and ∆Φ = 52.54 ± 0.003 meV for ZnO1 and ZnO8 were obtained 

(values displayed in Table 2). At this juncture, it is important to emphasize that the ideality factor n 

indicates the non-ideal behavior exhibited by the Schottky diode. Deviations from ideality can be 

attributed to the current conduction mechanism under consideration. The TE model, which solely considers 

the thermionic emission mechanism while disregarding tunneling and recombination processes and the 

series resistance at the metal-semiconductor junction, results in a higher ideality factor (59). 

As discussed, both samples show a noticeable decrease in saturation currents in the grain 

boundary region. Between samples, the increase in thickness from four to eight layers reduced the 

saturation current of both grains and GB due to the higher potential barrier formed during M-S contact. 

However, both samples exhibit the characteristic threshold voltage of Schottky diodes. When 

forward-biased, conduction through the junction does not begin until the external biasing voltage reaches 

the "knee voltage," at which point the current increases rapidly. For Schottky diodes, the voltage required 

for forward conduction is typically around 0.3 to 0.5 volts, with different metal compounds producing 

varying forward voltage drops. In contrast, for p-n junction diodes such as silicon diodes, the voltage 

required for forward conduction is around 

0.65 to 0.70 volts. This distinction may have advantages for specific applications. 

The energy band diagram schemes proposed for ZnO4 and ZnO8 before and after 

equilibrium is achieved at the local metal-grain interface and metal-grain boundary interface are displayed 

in Figs. 16 and 17, respectively. According to the Schottky-Mott theory (14, 15), for an n-type 

semiconductor where ΦM > ΦS, upon bringing the semiconductor into contact with the metal tip, the 

electrons from the semiconductor’s conduction band, which have higher energy than the electrons in the 

metal (Figs. 16a and 16b for ZnO4, Figs. 17a and 17b for ZnO8), flow into the metal until the Fermi 

levels align. As electrons transfer from the semiconductor to the metal, the concentration of free 

electrons near the interface diminishes, leading to a displacement of EF away from the conduction band 

edge EC. 

In thermal equilibrium, EF remains constant, causing EC to shift upward. The optical gap and 

electron affinity must remain unchanged after contact, as previously mentioned, and EV also shifts upward 

in parallel with EC along with the vacuum level, which gradually approaches the vacuum level on the 

metal side, to maintain continuity in the transition region, resulting in band bending. 
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Figure 16 – Energy band diagram of the local contact between the Pt-Ir metal tip and the n-type ZnO4 
film with Φm > Φs at the grain and grain boundary regions: (a) before contact, (b) in thermal 
equilibrium and (c) thermionic process. 

 

Source: Author. 

 

Figure 17 – Energy band diagram of the local contact between the Pt-Ir 
metal tip and the n-type ZnO8 film with Φm > Φs at the grain and grain 
boundary regions: (a) before contact and (b) in thermal equilibrium. 

 

Source: Author. 
 

Notably, the accumulation of defect states within the grain boundaries increases the carrier 

density and shifts the Fermi levels of both ZnO4 and ZnO8 semiconductors closer to their 

conduction bands. These shifts reduce GB regions’ local work function value, achieving EF 

alignment with a substantial band bending. Based on the provided work function values (Φtip, ΦG, 

and ΦGB), the local band bending for ZnO4 and ZnO8 samples was determined and is presented 

in Table 2. For ZnO4, the band bending at the GB region is approximately ϕ = 50.47 meV greater 

than the value at the grain face, consistent with the difference in potential barrier height computed using 

the thermionic emission theory (∆Φ = 50.41 meV). For ZnO8, 
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the band bending at the GB region is approximately ϕ = 58.71 meV greater than the value at the grain face, 

slightly higher than the value computed for the difference in potential barrier height using the thermionic 

emission theory (∆Φ = 52.34 meV). This difference can be justified because the measurement of the work 

functions by KPFM considers the force applied to neutralize the charges distributed by the film without 

the semiconductor and the metal tip being brought into direct contact. As the presence of GBs trapped 

many charges, the resulting value shifted slightly to a higher value. 

In a Schottky barrier diode, current flows due to charge transport from the semicon- ductor 

to the metal or in the reverse direction. An electron emitted over the barrier from the semiconductor 

into the metal must traverse the high-field depletion region. While traversing this region, drift and 

diffusion processes govern the electron’s motion. However, in the thermionic emission theory, the 

effect of drift and diffusion in the depletion region is negligible, and the barrier height is assumed 

to be large compared to kBT . Therefore, only those electrons whose kinetic energy exceeds the height 

of the potential barrier (as illustrated in Fig. 16c) can reach the top and move towards the metal. Based 

on established values, this transport mechanism can describe the charge transport through the ZnO4 

and ZnO8 films. 

 
3.4 Conclusions 

 
This study investigated the structure and charge transport behavior at the interface between 

a metal contact and transparent ZnO electrodes, commonly used as optical windows in electrical and 

optoelectronic devices. It was demonstrated that controlling the film thickness significantly influences 

the electrical and optical characteristics. 

By employing scanning probe microscopy techniques, including EFM, KPFM, and c-

AFM modes, the ohmic to Schottky conversion of ZnO/PtIr contacts was observed and 

modulated by adjusting the number of layers of ZnO films spin-coated on FTO substrates. All 

films exhibited the formation of grain boundaries to varying degrees during film growth. 

Topographic and electrical EFM scans revealed the presence of granular structures of various sizes 

within the samples, along with charge trapping resulting from the defect states associated with these 

formations. These defects introduced into the band gap, interferes with the Fermi level of ZnO, thereby 

altering its work function and, consequently, the type of M-S contact formed. 

ZnO1 films exhibited excellent conduction properties while maintaining low absorp- tion of 

visible light with just a single semiconductor layer. In single-layer samples, defect states 
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resulted in work function values slightly higher than those of the chosen metal. These larger work 

function values led to the formation of low-resistance contacts, displaying the linear I-V relationship 

typical of ohmic contacts, along with high local saturation current values. Based on the electrical 

properties observed, the ohmic behavior of ZnO1 films was attributed to the charge transport mechanism 

described by field emission theory despite the absence of a potential barrier to charge transfer between 

the metal and semiconductor. However, grain boundaries slightly shifted the Fermi level of ZnO1, 

causing minimal band bending (20.6 meV) upon contact with the metal. These properties render one-

layer ZnO electrodes excellent candidates for optoelec- tronic devices requiring low contact 

resistances, minimal light absorption, and transparent or semi-transparent contacts. 

ZnO4 and ZnO8 films formed rectifying contacts with the metal, which is attributed to the 

presence of grain boundaries, which increased in number and size with the thickness of the film. In these 

samples, accumulated defect states considerably shifted the Fermi level towards the conduction band, 

reducing the local work function value. Both samples exhibited rectifier behavior, characterized by 

the I-V relationship and the threshold voltage region typical of a Schottky diode. A potential 

barrier was formed upon contact with the metal, controlling the charge transport mechanism. 

Applying the thermionic emission model equations, which describe the charge 

transport mechanism across the potential barrier, we obtained the variation in potential barrier height 

between grains and grain boundaries for both samples. Upon contact with the metal, the alignment of 

the Fermi levels of ZnO4, affected by the presence of GBs, necessitated a band bend of approximately 

50.47 meV, resulting in a potential barrier height variation of approximately 

50.41 meV. In the case of ZnO8, the variation in the potential barrier height caused by the 

alignment of EF , approximately 52.34 meV, required a slightly greater degree of band bending 

(approximately 58.71 meV). The discrepancy in the data for ZnO8 films may have arisen due to 

limitations in the TE model, which does not account for other simultaneous transport mechanisms and the 

series resistances present at the interfaces. Despite the deviations, the ∆Φ values are consistent with 

those reported in the literature (17, 19, 92), supporting the suitability of the transport mechanism 

proposed here. 

Furthermore, the ZnO4 films exhibited high saturation current values (IS = 1.29 nA 

and IS = 0.75 nA), with a noticeable reduction in current at the GBs due to the accumulation of 

charges in the region. In ZnO8 films, the slight increase in the potential barrier height significantly 
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decreased the local saturation current values (IS = 1.09 × 10−3 nA and IS = 0.40 × 10−3 nA). 

G GB 

Additionally, a slight shift in the threshold voltage of ZnO8 towards larger values was observed, 

highlighting the potential of thicker films as surge suppressors (18, 93), which are electrical devices 

featuring a nonlinear current-voltage relationship used to limit voltage transients in transmission 

lines and electronic circuits. 

This study is anticipated to contribute to understanding the potential charge transport 

mechanisms across M-S interfaces and how synthesis parameters such as film thickness influence the 

charge transport properties. Moreover, it is essential to emphasize the possibility of obtaining high-quality 

thin films using minimal material through simple deposition techniques such as spin coating. 



60 
 

S 
S 

 

4 CONCLUSIONS AND FUTURE WORK 

 
This thesis explored the structure and charge transport behavior at the interface between 

a metal contact and transparent ZnO electrodes, commonly employed as optical windows in electrical and 

optoelectronic devices. It was demonstrated that controlling the film thickness significantly impacts the 

electrical and optical characteristics. 

Initially, synthesizing a four-layer ZnO film revealed the presence of grain boundaries on 

films grown on a conductive substrate and their impact on current and potential barriers at the 

nanoscale. Topographic images and electrostatic force microscopy (EFM) measurements confirmed 

the presence of grain boundaries and charge trapping in the region. The presence of defect states, 

resulting in charge confinement and controlling transport through the film, was numerically indicated 

by the Urbach energy (0.236 eV). In an FTO/ZnO/Pt-Ir structure, the formation of a Schottky-type 

junction between the semiconductor ZnO and Pt-coated tip was evident. Measurements of the 

variation of the Kelvin probe force microscopy (KPFM) surface potential confirmed the formation 

of the Schottky junction based on the work function values obtained (ΦG = 3.93 eV and ΦGB = 3.89 

eV). Local I-V curves obtained from conductive atomic force microscopy (c-AFM) measurements at 

various randomly chosen locations confirmed band bending in the grain boundaries. The local current 

values in the grains (IG = 1.29 ± 0.2 nA) and grain boundaries (IGB = 0.75 ± 0.2 nA), along with the 

variation in the potential barrier between the grain and grain boundary (∆Φ = 40.4 ± 0.2 meV), indicate 

that band bending and the variation in surface potential at grain boundaries directly affect charge transport 

in the films. Subsequently, employing the same scanning probe microscopy techniques, including EFM, 

KPFM, and c-AFM modes, the ohmic to Schottky conversion of ZnO/PtIr contacts was observed 

and modulated by adjusting the number of layers of ZnO films spin-coated on FTO substrates. All 

films exhibited the formation of grain boundaries to varying degrees during film growth. Topographic 

and electrical EFM scans revealed the presence of granular structures of various sizes within the 

samples, along with charge trapping resulting from the defect states associated with these formations. 

These defects introduced optically active states into the band gap, interfering with the Fermi level of 

ZnO, thereby altering its work function and, consequently, the type of M-S contact formed. 

ZnO1 films exhibited excellent conduction properties while maintaining low absorp- tion of 

visible light with just a single semiconductor layer. In single-layer samples, defect states resulted in 

work function values slightly higher than those of the chosen metal. These larger work function 

values led to the formation of low-resistance contacts, displaying the linear I-V relationship typical 

of ohmic contacts, along with high local saturation current values. Based on the electrical properties 

observed, the ohmic behavior of ZnO1 films was attributed to the charge transport mechanism described 

by field emission theory despite the absence of a potential barrier to charge transfer between the metal 
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and semiconductor. However, grain boundaries slightly shifted the Fermi level of ZnO1, causing 

minimal band bending (20.6 meV) upon contact with the metal. These properties render one-layer 

ZnO electrodes excellent candidates for optoelec- tronic devices requiring low contact resistances, 

minimal light absorption, and transparent or semi-transparent contacts. 

ZnO4 and ZnO8 films formed rectifying contacts with the metal, which is attributed to the 

presence of grain boundaries, which increased in number and size with the thickness of the film. In these 

samples, accumulated defect states considerably shifted the Fermi level towards the conduction band, 

reducing the local work function value. Both samples exhibited rectifier behavior, characterized by 

the I-V relationship and the threshold voltage region typical of a Schottky diode. A potential 

barrier was formed upon contact with the metal, controlling the charge transport mechanism. 

Applying the thermionic emission model equations, which describe the charge 

transport mechanism across the potential barrier, we obtained the variation in potential barrier height 

between grains and grain boundaries for both samples. Upon contact with the metal, the alignment of 

the Fermi levels of ZnO4, affected by the presence of GBs, necessitated a band bend of approximately 

50.47meV, resulting in a potential barrier height variation of approximately 50.41meV. In the case 

of ZnO8, the variation in the potential barrier height caused by the alignment of EF , approximately 

52.34meV, required a slightly greater degree of band bending (approximately 58.71meV). The 

discrepancy in the data for ZnO8 films may have arisen due to limitations in the TE model, which does 

not account for other simultaneous transport mechanisms and the series resistances present at the 

interfaces. Despite the deviations, the ∆Φ values are consistent with those reported in the literature 

(17, 19, 92), supporting the suitability of the transport mechanism proposed here. 

Furthermore, the ZnO4 films exhibited high saturation current values (��
� =

1.29 nA  and ���
� = 0.75 nA), with a noticeable reduction in current at the grain boundaries due 

to the accumulation of charges in the region. In ZnO8 films, the slight increase in the potential 

barrier height significantly decreased the local saturation current values (��
� = 1.09×10−3 nA 

and ���
�  = 0.40 × 10−3 nA). Additionally, a slight shift in the threshold voltage of ZnO8 towards 

larger values was observed, highlighting the potential of thicker films as surge suppressors (18, 

93), which are electrical devices featuring a nonlinear current-voltage relationship used to limit 

voltage transients in transmission lines and electronic circuits. 

This study is anticipated to contribute to understanding the potential charge transport 

mechanisms across M-S interfaces and how synthesis parameters such as film thickness influence the 

charge transport properties. Moreover, it is essential to emphasize the possibility of obtaining high-quality 

thin films using minimal material through simple deposition techniques such as spin coating. 
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4.1 Future Work 

 
As an essential component for many emerging technologies, transparent semicon- ductors 

remain an area ripe for investigation across various domains, including morphological, structural, 

optoelectronic, electrical, and charge transport properties. It is suggested that zinc oxide be doped 

with other metals, such as rare earth metals, owing to their excellent thermal and electrical conduction 

properties. The proposed approach involves synthesizing zinc oxide nanoparticles, preferably utilizing 

simple techniques that demand minimal time and materials; preparing dispersions using solvents 

suitable for depositing films onto conductive substrates (ei- ther rigid or flexible); exploring film deposition 

parameters employing the spin coating technique; conducting morphological, structural, and electrical 

characterization studies; and innovatively investigating the photoluminescent properties of these 

materials and their impact on charge transport properties across interfaces formed with metals or other 

semiconductors. 
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