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Abstract 

Novel solar cells are being synthesized from sustainable, non-toxic, and economic materials. All 

metal oxide semiconductors are one such class of these materials. Synthesis of different 

combinations of p and n type MO semiconductors heterojunctions as well as high throughput 

characterization is crucial to improve their applications in fields such as solar cells. A Cu2O/TiO2 

Nanorods heterojunction is synthesized on a fluorine doped tin oxide substrate. The TiO2 Nanorods 

are synthesized via a two-step, solvothermal method. The Cu2O is deposited conformally on the 

TiO2 NRs via a physical vapor deposition method known as RF magnetron sputtering, with 

thicknesses of 100, 50 and 25 nm. Characterization methods are used to first determine that the 

correct materials were synthesized and deposited. Scanning electron microscopy demonstrated that 

nanorods were made of length, 750 nm, and width, 45 nm. Optical measurements were taken, 

including: absorbance, transmittance, and reflectance; trends followed the optical data as the 

thickness of the p-type material increased. From the absorbance data, the bandgap of the materials 

could be calculated from the generated Tauc plot. The bandgap of TiO2 was calculated to be 3.0 

eV which agreed with literature values. The bandgap of Cu2O was calculated to be 2.76 eV which 

is not in agreement with literature values. X-ray diffraction demonstrated that TiO2 rutile phase 

was grown, with diffraction angles at: 36.45, 62.747 and 69.766 with their lattice planes being 

(011), (002) and (112) respectively. Raman spectroscopy demonstrated TiO2 in the rutile phase 

with Raman shifts at both 447 cm-1 (Eg) and 609 cm-1(A1g). There is a minor peak at 522 cm-1 (T2g) 

which correlates to Cu2O. Macro-electrical measurements were taken to plot a current vs voltage 

curve (IV curve), under dark and light conditions. From the macro-electrical measurements Isc, Voc 

and η (photoconversion efficiency) were calculated: 2.38 E-09 A, -0.18 V, 7.25E-07 respectively 

(under light, 1 sun equivalent). Atomic force microscopy (AFM) was used to attain topographical 

images, force/deflection curves, IV curves/maps, and surface potential maps. Conductive-AFM 

(c-AFM) and Kelvin Probe Force Microscopy (KPFM) were the specific AFM techniques used. 

From the KPFM measurements it was possible to measure the work functions of TiO2 NRs and 

Cu2O/TiO2 NRs by using highly oriented pyrolyzed graphite as a reference. The work function for 

TiO2 NRs was: 4.24 eV and 4.14 eV under dark and light conditions respectively. The work 

function of the 100 nm Cu2O/TiO2 NRs heterojunction was 4.44 eV and 4.35 eV under dark and 

light conditions respectively. The apparent work functions that were calculated via this KPFM 

method were not in agreement with literature values of the respective materials. 

 

This thesis has proved that Cu2O/TiO2 Nanorod Heterojunctions can be synthesized using 

previously known solvothermal synthetic methods. Furthermore these Cu2O/TiO2 Nanorod 

Heterojunctions have an increase in current under illumination. This current response under 

illumination has been studied on the nanoscale, using KPFM and C-AFM, as well as on the 

macroscale. Further investigations on the nanoscale are to be done, which can shed light on how 

and why these all metal oxide nanorod heterojunctions are functioning as solar cells.  



 

  



 

 

1.0 Introduction 

Drastic changes to global climate have come as a result of man-made causes, termed 

anthropogenic climate change. Organizations, such as the Intergovernmental Panel on Climate 

Change (IPCC) have presented considerable data which indicates that increasing levels of human-

caused emissions impact all levels of livelihood on earth: economic, political, health, and the 

natural world (1). Anthropogenic greenhouse gas emissions have a direct correlation with the 

world’s increasing energy demand. The acceleration of the emission of greenhouse gases as well 

as the world’s increasing energy demand results from population growth and the industrial 

revolution. The effects of these anthropogenic drivers have been detected throughout the climate 

system and are extremely likely to have been the dominant cause of the observed warming since 

the mid-20th century. Scientists and engineers since the 1950s have recognized alternative sources 

of energy which have a lower impact on the earth than fossil fuels which are principally used today 

to power the planet. Solar energy is the most abundant energy source of renewable energy, as the 

sun emits it at a rate of 3.8 x 1023 kW, of which 1.8 x 1014 kW is intercepted by the earth.  

Photovoltaics, the conversion of solar energy to electrical energy via devices typically 

comprised of semiconductors has made steady theoretical and technological progress since the 

discovery of photoinduced current by French physicist Alexandre Becquerel in 1839. The 

photovoltaic market has shown exponential growth with a cumulative installed capacity of 70 GW 

as of 2011. However, to reach grid parity, further price reductions in PV systems are imperative, 

which require either scaling up of production processes or innovative PV cell concepts based on 

economic materials and low-cost deposition methods. Grid parity is defined as the condition when 

alternative energy sources can generate power at prices lower than that of the price of power from 

the electrical grid (typically generated via fossil fuels and coal); this is the immediate goal of solar 

cell investigation. By having an economic driving force, solar energy will realize its potential.  

Metal oxide semiconductors, on a material selection basis, have the capability of being 

ideal candidates as affordable materials for solar cell applications (2). MO semiconductors are 

non-toxic, abundant, inexpensive, stable, and demonstrate capability for energy conversion which 

is a requirement for sustainable photovoltaics materials. Improvements to metal oxide 

semiconductors has come in the form of nanostructured materials. Nanostructured MO electrodes 

materials can be comprised of the following: TiO2, ZnO, SnO2, SrTiO3, Nb2O5, and ZrO2. These 

nanostructure MO electrodes have been used as wide band gap electron conductors. MO electrodes 

can be synthesized in an assortment of nanostructures such as mesoporous films, nanorods, 

nanowires, nanotube. Nanostructures have been shown to enhance MO capabilities, by increasing 

charge separation and increasing the short-circuit current density (JSC) compared to similar bilayer 

systems (3); albeit the conversion efficiencies remain low. Furthermore, investigating and testing 

of different combinatorial PV materials is imperative to discovering heterojunctions with potential 

for solar cell application. The Vomiero Lab has previously synthesized and characterized 

ZnO/Co3O4 , ZnO/Cu2O, TiO2/Co3O4 and this thesis reports the synthesis and characterization of 

TiO2/Cu2O. This is an example of how different combinations of PV materials are being tested in 

order to discover novel heterojunctions with potential solar cell applications.  



 

The growing need for energy generation and storage has resulted in developing and optimizing 

energy technologies. However, the progress has been relatively slow due to the complexities of 

the energy materials and devices. Having a fundamental understanding of the structure-property 

relations on the mesoscopic and atomic level is a prerequisite to knowledge driven design that 

would greatly accelerate the pace of progress. Macroscopic electrical measurements, such as light 

current-voltage (I-V) curves as a function of time are useful when tracking device instabilities. 

Scanning probe microscopy is a platform with the capability of characterizing the structure of a 

surface, at scales spanning nanometers to hundreds of microns. Lastly, advanced methods of 

Atomic Force Microscopy have the advantage of being able to probe the local, microscopic 

electrical properties : surface potential, current, work function. These nanoscale characterization 

methods have proven crucial in understanding the physical phenomena that governs the novel 

heterojunction all metal oxide solar cells.  

 

2.0 Theory 

2.1 Semiconductors 

A semiconductor can be usually defined as a material with electrical resistivity lying in the 

range of 10-2 - 109 Ωcm, as well as a material whose energy gap for electronic excitations is greater 

than zero and up to four electron volts (eV); (4).  A semiconductor based solar cell has the capacity 

of absorbing light and delivering a portion of the energy of the absorbed photon to the carriers the 

electrical current – electrons and holes. A semiconductor diode separates and collects the carriers 

and conducts the generated electrical current preferentially in a specific direction. A solar cell is 

simply a semiconductor diode that has been carefully designed and constructed to efficiently 

absorb and convert light energy from the sun into electrical energy.  

The aforementioned semiconductor materials, such as silicon, can be doped, in order to 

produce n or p type semiconductors. Doping is the process of changing an intrinsic semiconductor 

to an extrinsic semiconductor, meaning there is an imbalance between the number of electrons and 

holes. This doping process occurs by introducing impurities, in the case of a n-type semiconductor, 

an electron donor,  electrons are the majority carriers and impurity atoms such as phosphorus to 

silicon create an extrinsic n-type semiconductor. In the case of extrinsic p-type semiconductors, 

the majority carriers are the holes, causing it to be a better electron acceptor. An example of an p-

type semiconductor is when Boron is added to silicon. When a p and n type semiconductor are 

paired together in electrical contact, they form a p-n junction. Joining a n-type and p-type material 

results in an excess amount of electrons in the n-type material to diffuse over to the p-type side 

while simultaneously causing excess holes from the p-type material to diffuse to the n-type side. 

The movement of electrons over to the p-type side exposes positive ion cores in the n-type side 

while a movement of holes over to the n-type side reveals negative ion cores to the p-type side. 

This motion of electrons and holes results in an electron field at the junction which forms a 

depletion region, an area without free carriers.   As a result, a voltage is formed from the electric 

field at the p-n junction. The p-n junction is fundamental for solar cell operation (4).  

In the case of all metal oxide semiconductors , Cu2O acts as a p-type semiconductor and 

TiO2 as an n-type semiconductor (5). 



 

 

2.2 Photovoltaics  

A solar cell is  composed of a junction of semiconducting materials, with the capability of 

converting light into electricity. This process is known as the photovoltaic effect (6). The process 

of transforming light from the sun into electrical energy involves two fundamental steps. The first 

step is the absorption of photons, from the light source, and transferring their energy to the charge 

carriers (electrons and holes) within the semiconducting material. The second process is the 

separation and extraction of charge carriers via an external circuit. Utilizing a built-in potential 

barrier within the cell the carriers can produce a voltage, referred to as a photovoltage. As solar 

cells are made from semiconducting materials, there is a bandgap between the valence band and 

conduction band. The absorption of sunlight occurs by the process of exciting electrons across this 

bandgap, a forbidden region between the valence band and conduction band. A free electron 

(negative charge carrier) in the conduction band and a free hole (positive charge carrier) in the 

valence band is generated as a result of this physical phenomena (7). Under normal conditions the 

excited electrons relax quickly to the original state or simply recombines spontaneously within the 

holes. However, the task of the photovoltaic device is to separate the charge carriers and force 

them to recombine via an external circuit, where the difference in energy between the conduction 

band and valence band can be utilized.  

 

2.3 Atomic Force Microscopy 

 

Atomic force microscopy has the capability of interrogating the micron-to-nano sized structures 

of materials at sub-nanometer resolutions (8). By the simultaneous topographical imaging and 

surface interactions that are measured, it is capable to further explain the crystal lattice structure, 

surface chemistry, mechanical properties, and electrical properties at the nanoscale. AFM operates 

by precisely controlling the interactions between the scanning tip and the surface being studied. 

An AFM consists of a probe, scanner, controller and a signal processing unit-computer.  The probe 

will raster, scan the surface which will either be in contact or non-contact with the high and low 

surface topography through a complex mechanism between the tip-surface interaction. The signals 

are reflected via a laser from the probe surface to the photo-detector, which ultimately passes 

through a feedback loop. The feedback loop will keep the tip at a constant height or force from the 

surface. The feedback signals are directed towards the signal processing software, which is able to 

convert the signals to 3-dimensional topographical surfaces. 

 Kelvin Force Probe microscopy and conductive-AFM are advanced AFM techniques which allow 

topographical imaging as well as nanoscale electrical measurements to take place (8). Conductive-

AFM records the current that flows at the tip/sample nanojunction while simultaneously mapping 

the topography. C-AFM requires a conductive tip, a voltage source that applies a potential 

difference between the tip and sample holder, and a pre-amplifier which converts the current 

signal(analog) to digital voltages. KPFM images the surface electronic properties, namely the 

contact potential difference with nanometer scale resolution. The contact potential difference is 

the work function of the sample and the tip while the work function (Ф) is defined as the smallest 

energy needed to extract an electron from the bulk to the vacuum that lies next to the surface 



 

energy level. The work function is an important parameter when discussing solar cells. Starting 

from a known work function (e.g. the Ф of HOPG) and the contact potential difference (CPD) 

acquired from the KPFM measurements, we can obtain the Ф of the tip and then the Ф of the 

sample. The work function can be calculated as such (12):  

𝛷𝐻𝑂𝑃𝐺 = 4.475 𝑒𝑉  

𝛷𝑇𝑖𝑝 = 𝛷𝐻𝑂𝑃𝐺 + |𝑒|𝐶𝑃𝐷𝐻𝑂𝑃𝐺   

𝛷𝑆𝑎𝑚𝑝𝑙𝑒 = 𝛷𝑇𝑖𝑝 − |𝑒|𝐶𝑃𝐷𝑆𝑎𝑚𝑝𝑙𝑒 

 

3.0 Methods 

The following methods were used for the synthesis and characterization of the Cu2O/TiO2 

NRs heterojunction: synthesis, structural characterization, optical characterization, macro-

electrical measurements, and atomic force microscopy.  

3.1 Materials 

The materials used for the synthesis were fluorine doped tin oxide (FTO glass) coated onto 

a glass substrate. Titanium butoxide was converted into TiO2 NRs, n-type material, as described 

in the following synthesis. Cu2O was deposited using physical vapor deposition via a Copper target 

in an RF-Magnetron sputtering setup in reactive atmosphere. Secondary materials included 

solvents and acids : HCl, Acetone, DI water.  

A coding system was used in order to keep track of the samples that were characterized, as 

shown below. 

 

Figure 1: Coding system of Cu2O/TiO2 NRs with image of the solar cell (right) 

 

3.2 Synthesis 

All the samples were prepared on a glass substrate coated with fluorine tin oxide (FTO). 

The FTO glass was cleaned utilizing : RBS solution (RBS is a trademarked cleaning solution, 

intended for laboratory glassware) , Distilled water, ethanol, and acetone ; in this order. The FTO 

glass was sonicated in these solvents, cleaning solutions in this order. The FTO was properly 

cleaned and dried, with emphasis on not touching the FTO glass in order to minimize 



 

contamination and ensure a clean surface for seed crystal growth. Titanium butoxide, absolute 

ethanol, and acetic acid were used to synthesize the titanium seed layer upon the FTO glass. 

Hydrochloric acid, titanium butoxide, acetone and deionized water were used to grow the TiO2 

nanorods.    

3.2.1 Synthesis of TiO2 seed layer (solvothermal)  

FTO glass cleaned via sonication in: Acetone, absolute ethanol, deionized water and RBS 

solution. Seed Layer 0.35 g of titanium butoxide (99% by weight, ACROS, USA) was added 

dropwise into the mixture of 10 mL of absolute ethanol and 2 mL of acetic acid (99.5% by weight), 

the obtained solution was stirred for 2 hours at room temperature in a sealed beaker. After the as-

prepared solution was aged for 24 hours at room temperature, a homogeneous and stable colloid 

solution was obtained. The obtained coating colloid solution was coated onto the conductive side 

of FTO glass using a spin coater at the rate of 600 rpm for 10 seconds then 3000 rpm for 30 

seconds. Afterwards the coated FTO glass was annealed at 450 °C for 30 minutes in a furnace. 

The TiO2 seed layer is then deposited, as a result of the annealing process. From this seed layer 

the single-crystal rutile titanium oxide nanorods (TiO2 NR) can be grown (9).  

 

 

3.2.2 Synthesis of Titanium Oxide Nanorods 

 

In order to synthesize the Titanium Oxide Nanorods another hydrothermal synthesis was 

conducted. A solution was prepared, which was composed of: Deionized water: HCl (37% by 

weight) at 1:1 ratio. This solution was mixed for 5 minutes, and appropriate amounts of Titanium 

butoxide added to form a 0.03 M solution. The FTO substrates were placed facing down against 

the walls of a Teflon-liner of a stainless-steel autoclave and the hydrothermal synthesis was carried 

out at 150 C for 4 hours in an oven. After the four-hour annealing the FTO glass, with TiO2 NRs, 

is rinsed with deionized water and dried at 60 C for 2 hours in a furnace (9).  

  

3.2.3 Depositing Copper Oxide onto Titanium Oxide Nanorods 

In order to deposit the copper oxide onto the TiO2 NRs, RF magnetron sputtering was used. 

RF magnetron sputtering is a physical vapor deposition method traditionally used to coat materials. 

RF magnetron sputtering was used to deposit the copper oxide conformally onto the titanium oxide 

nanorods. Three thicknesses of Cu2O were deposited: 100, 50, and 25 nm; these thicknesses were 

controlled according to the calibrated deposition rate. The samples were mounted with brass 

contacts into the RF magnetron equipment. The following conditions for RF magnetron sputtering 

were used: A copper target, a chamber filled with Argon and 5 % O2 (>99% purity) at a flow rate 

of 30 sccm, a deposition temperature of 23 C, deposition pressure of 4.2 x 10-3 bars ( 1x10-5 bars 

before gas was introduced), and a RF PSU (plasma units) of 60 .  

 

 

3.3  Characterization  

 

3.3.1 Optical Characterization  

 

Optical characterizations (transmittance, absorption, and diffuse reflectance) were 

performed by a Cary 5000 spectrophotometer. Cary 5000 UV-vis-NIR spectrophotometers consist 



 

of a double beam, ratio recording, double monochromator incorporating with R928 

photomultiplier tube detector (PMT detector, UV-vis region) and PbS photocell detector (NIR 

region). It covers the 175-3300 nm range and it is equipped with different sample holders and 

internal diffuse reflectance accessories. All measurements were realized between 350-800 nm.  

 

3.3.2 Macro-Electrical Measurements 

 

Performed by a source picoammeter (Keithley 2401) equipped with a solar simulator. Two 

brass metal screws constitute the metal contacts with the top of the sample. The Keithley can 

measure the voltage and current in the range of 1 μV-21 V and 10pA respectively. The solar 

simulator consists of a Xe Lamp with an AM 1.5 – Global filter, which can generate UV-Vis light 

with the power intensity of 1 Sun (100 mWcm-2). The light intensity of the solar simulator is 

controlled through a calibrated silicon solar cell. Main tool to characterize the efficiency of a 

photovoltaic cell is the measurement of the current, I, (or the current density J) as the function of 

the voltage, V, in the dark and under illuminated conditions. From the macro-electrical 

measurements three important parameters can be determined: short-circuit current density (Jsc, 

A), the open-circuit voltage (VOC, V) , and the fill factor(FF). The efficiency is a number, ratio 

between the maximal electrical power (Pm) and the incident power density (Pi), which is calculated 

as such :  𝜂 =
𝐹𝐹×𝐽𝑆𝐶×𝑉𝑂𝐶 

𝑃𝑖
 × 100 . The maximum electrical power is defined as the point that 

maximum voltage multiplied by the current (I x V). The fill factor is a measure of quality of a solar 

cell, it is the available power at the maximum power point divided by the open circuit 

voltage(VOC)and the short circuit current  density is (Jsc).  

 

3.3.3 Structural Characterization  

 

Scanning electron microscopy (SEM) was performed using a field emission scanning 

electron microscope (FE-SEM) ZEISS SUPRA 55 VP. X-Ray Diffraction (XRD) patterns were 

acquired through a Bruker-AXS D5005 theta-theta diffractometer, using a Gobel mirror to parallel 

the Cu Kα radiation operating at 40 kV and 30 mA; the wavelength is 1.5406 Å. X-ray diffraction 

(XRD) patterns were acquired through Panalytical Empyrean instrument operating in Bragg 

Brentano geometry, with long fine focus (0.4×12 mm) Cu-tube at 45 kV and 40 mA. 

  



 

3.3.4 Atomic Force Microscopy 

  

Conductive-AFM (c-AFM) 

The C-AFM measurements were performed at ambient conditions with an NTEGRA AFM (NT-

MDT) in contact and semi-contact mode using an N-doped diamond coated probe (DCP20 series) 

with a triangular tip (parameters reported in Table 1) with a tip height of 10 μm, nominal tip radius 

of 100 nm, and nominal spring constant of 48 N/m. The probe/tip is grounded while the sample 

undergoes a bias voltage (3.5 ± 0.1) V.  

 

Cantilever 

Length,  

L ± 5 μm 

Cantilever 

Width ,  W ±  5 

μm 

Cantilever 

Thickness , μm 

Resonant 

Frequency , kHz 

Force Constant ,  

N/m  

90 60 1.7 – 2.3  260 – 800 28 - 110 
Table 1: Parameters for DCP20, diamond coated probe for c-AFM 

 

Kelvin Probe Force Microscopy (KPFM)  

KPFM was conducted at ambient conditions with an NTEGRA AFM (NT-MDT) ; the tip was 

switched to a single crystal silicon , Pt coated with a rectangular cantilever (parameters reported 

in  ) 

Cantilever 

Length,  

L ± 5 μm 

Cantilever 

Width ,  W ±  5 

μm 

Cantilever 

Thickness , μm 

Resonant 

Frequency , kHz 

Force Constant ,  

N/m  

125 30 1.5 – 2.5  87 – 230 1.45-15.1 
Table 2 : Parameters for NSG-01 tip, a single crystal silicon probe coated with Pt 

  



 

4 Results 

 

4.1 Scanning Electron Microscopy  

Scanning electron microscopy was performed to view TiO2 NRs from above as well as on the 

cross-section. The SEM of the cross-section revealed TiO2 NR lengths of 750 ± 50 nm and widths 

of 45 ± 10 nm.   

 

 

 

 

 

4.2 XRD 

 

Samples A-H  

 

 

 

 

Figure 1: SEM, F 

 

Figure 2 : a) Left , Low Magnification (b) right, high magnification SEM , images of TiO2 NRs, viewed from top  

 

Figure 3: SEM, Cross-Section, of TiO2 NRs 

 



 

4.2 XRD 

XRD patterns were taken for the following samples :  

Sample B: 100 nm Cu2O/TiO2 NRs on FTO 

Sample E : 25 nm Cu2O/TiO2 NRs on FTO 

Sample H : 100 nm Cu2O on FTO 

There are five peaks, or diffraction angles, which correlate to FTO. The diffraction angles of the 

five peaks are: 26.8°, 37.1°, 53.2°, 61.7°, 65.2° .  Three diffraction angles correlate to TiO2 in the 

rutile phase. The diffraction angles of the rutile phase TiO2 are : 36.45°, 62.747° and 69.766° with 

their lattice planes being (011), (002) and (112) respectively. There are no discernable diffraction 

angles for Cu2O, nor are there any discernible diffraction angles correlated to TiO2 in the anatase 

phase. The diffraction angles are shown below in Fig. 4. 

 

Figure 4 : XRD patterns of Cu2O /TiO2 Nanorods on FTO ; Sample B (100 nm Cu2O ), Sample E ( 25 nm Cu2O ), and Sample H ( 

100 nm Cu2O on bare FTO) 

  



 

 

 

4.3 Raman Spectroscopy 

 

Samples B,C, and E (100, 50 and 25 nm Cu2O/TiO2 NRs respectively) display TiO2 in the rutile 

phase with Raman shifts(14) at both 447 cm-1 (Eg) and 609 cm-1 (A1g). There is a minor peak at 

522 cm-1(T2g) which is very present in the 100nm Cu2O on FTO ( top left of Figure 5) and is 

shown via a small bump in the samples 100 nm Cu2O/TiO2 NRs (Figure 5 top right) and 50 nm 

Cu2O/TiO2 NRs which correlates to Cu2O/Cu (15) .  

 
 
Figure 5: Raman spectra of samples B, C, E and reference Cu2O on bare FTO (14) (15) 

 

 

4.4 Optical Measurements  

The following optical measurements were performed: transmittance, reflectance, and 

absorbance ; for the following sample type : 100, 50, 25 nm Cu2O/TiO2 NRs deposited as well as 

references : No TiO2 Nanorods , Cu2O deposited on FTO with thicknesses 100, 50, 25 nm.  

4.4.1 Transmittance 

In figure 6, the transmittance spectra of samples B, D, and E are reported. The transmittance 

is highest through the thin film of Cu2O, 25nm, deposited directly onto FTO glass. TiO2 



 

Nanorods/Cu2O 25 nm is the sample with higher transmittance. The thickest sample, TiO2 

NRs/Cu2O 100 nm , has the least transmittance. This result is expected, because it is difficult for 

light to pass through the thick TiO2 NRs/Cu2O 100 nm sample.  

 

Figure 6: Transmittance of Samples E, D, and B  

4.4.2 Reflectance 

The 25 nm and 50 nm deposited Cu2O , samples E-F and C-D have higher reflectance 

than the thickest samples A-B, 100 nm Cu2O. This is due to the higher absorbance in the thicker 

samples, which will be seen in the following subsection. In figure 7, The reflectance spectra of 

samples E, D, and B are reported.  



 

 

Figure 7 : Reflectance of Samples E, D, and B  

 

4.4.3 Absorbance  

The samples with the thicker Cu2O appear to have the greatest absorbance, which is the 

expected result. The thinner the Cu2O the lesser the absorbance. In figure 8, the absorbance of 

samples E, D, and B are reported.   



 

 

Figure 8 : Absorbance of Samples E, D, and B  

4.5 Tauc Plots: 

Tauc Plots (10) have been generated using absorbance data and utilizing the Tauc and 

Davis Mott relationship and they were used to measure the bandgap of copper oxide and titanium 

oxide (respectively). Three Tauc plots were generated for Cu2O, the average bandgap from the 

three was: 2.76 ± 0.1 eV . The literature value for the bandgap of Cu2O is approximately 2.0 eV 

which gives the experimental value a 38 % deviation(13). The experimentally determined bandgap 

of the Titanium Oxide, 3.1eV, falls within the range of the literature value, at 3.0 – 3.2 eV (13).  



 

  

 

Figure 9 : Tauc plots of Cu2O (thicknesses = 100, 50, 25 nm) deposited on FTO, and TiO2 NRs on FTO 

 

Macro- Electrical Characterization 

Macro-electrical measurements were conducted with two brass screws functioning as the 

electrodes with one being in contact with the sample. These macro-electrical measurements are 

referred to as IV curves, since the current (I) is being recorded as a function of the applied voltage 

(V). The IV curves are shown for 100 nm Cu2O/TiO2 NRs in both dark and light. From the macro-

electrical data it was possible to calculate the following values : ISC ( in dark and light), JSC (in 

dark and light), VOC(in  dark and light), and the efficiency; as shown below in the table.   



 

 

 

Figure 10: Macro-electrical measurements (IV curves) of 100nm Cu2O/TiO2 NRs; entire range -0.8 V to 

0.8 V (left),  -0.2 V – 0 V (right) 

 

The calculated efficiency (4): 𝜂 =
𝐹𝐹∗𝐼𝑠𝑐∗𝑉𝑜𝑐

𝑃𝑖
∗ 100 =7.25E-07  

 

This number is quite low because a commercial solar cell efficiency can be upwards of 

20%.(11) 
 
The fill factor (4) was calculated as such : 

𝐹𝐹 =
𝑃𝑚

𝐼𝑆𝐶∗𝑉𝑂𝐶
=

𝐼𝑚∗𝑉𝑚

𝐼𝑆𝐶∗𝑉𝑂𝐶
=  -1.69E04 

 
 
 

Parameter Value 

Pi 1000 W/m2 

Isc 2.38 E-09 A 

VOC -0.18 V 

Pmax 3.11E-09 A 

Imax 1.17E-09 A 

Vmax 0.098 V 

Asolar cell 0.16 cm2 

  



 

 
 

4.6 Atomic Force Microscopy  

 

4.6.1 Conductive-AFM  

Conductive AFM (c-AFM) studies have been carried out in contact mode with the tip 

being DCP-20, a diamond coated conductive probe with a triangular cantilever geometry; as 

previously mentioned. Topographical, local IV curves, deflection/force curves, and IV maps 

were acquired and reported here. 

c-AFM , while in contact mode, was initially used to provide a topographical image of the 

TiO2 NRs, for a 5 x 5 μm2 area. The image is not truly representative of the real sample surface as 

there is a presence of tip artifacts. This image shows that taking a topographical image in contact 

mode is not ideal, therefore a more representative topographical image is taken as can be seen in 

figure 15.  

 

 

Figure 11: Topography of TiO2 NRs , 5x5 μm2, c-AFM 

 

 

While still in contact mode for c-AFM, IV curves under dark and light were conducted. 

The light source was a low intensity white LED with emission in the visible range. As can be seen 

in figure 12: IV curves of TiO2 NRs in the dark (black ) and under illumination  (red),  there is an 

increase of current when the light is turned on. The maximum current for TiO2 NRs in the light is 

4.36 A, while the maximum current for the TiO2 NRs in the dark is 0.58. Furthermore, when 

multiple scans were conducted there was a visual increase in current as the number of scans 



 

increased.As far as I understand, the increase is limited to applied voltages above 0.25 V, while no 

increase is present at lower voltages. To check this, you can plot the IV curve in a semi-log scale. 

 

Figure 

12: IV curves of TiO2 NRs in the dark (black ) and under illumination  (red) 

From the deflection curves,figure 13: Deflection curve for TiO2 NRs, one can calculate the 

applied force between the AFM tip and the sample. Both the deflection and force curve is shown 

below for the sample with TiO2 NRs. The force curve for TiO2 NRs which is shown in figure 14, 

portrays the force value with negative values, of the absolute value for b (the slope when the tip is 

in contact with the surface) ; thus this is an alternative way of displaying the force curve.  



 

 
Figure 13 : Deflection curve for TiO2 NRs 

The applied force was calculated via the following equation: 𝐹(𝑛𝑁) =
𝐷𝐹𝐿(𝑛𝐴)

𝐵
𝑛𝐴

𝑛𝑚
)

× 𝐾 (
𝑁

𝑚
)  

The deflection was given via the data on the x-axis, K is the spring constant for the tip, and B is 

the slope when the tip is in contact with the surface.  

DFL = deflection = 0.5 nA  

B = slope = - 0.7 nA/μM 

K = spring constant = 48 N/m 

 



 

Figure 14 : Force curve for TiO2 NRs 

 

The topographical images in semi-contact mode for 5×5 and 1 ×1 μm2 are shown below in 

figures 15 and 16 accordingly. Two topographical images were taken for 1x1 μm2 ; however, the 

figure on the right for figure 16 was used for the IV map. In hindsight, the left figure on figure 16 

should have been used, as it is the same area on the sample and the topographical image has higher 

clarity.  

 

 

 
Figure 15 : Topographical Image of TiO2 NRs , 5 x 5 μm2 

 

  



 

 

 

 

  

 
Figure 16: Two Topographical Images of TiO2 NRs, 1 x 1 μm2 

  

IV Maps were taken, as can be seen in figure 17, in which 16 points on the sample had their IV 

(current vs voltage). Two points of interest were selected, points 10 and 11 as labelled on the 

topographical map shown with the yellow circle. The IV maps are compared, dark on the left, 

with light on the right curves measured. Point 10 has a decrease in current, from 4 nA to 1.2 nA. 

Point 11 has an increase in current when the light is turned on, from 1.5 nA to 5 nA. Point 11 can 

be assigned as where there is a TiO2 NR, that is why there is an increase in current under 

illumination. Point 10 is a recess where there is no TiO2 NRs, and that is why there is a decrease 

in current under illumination.   



 

 

 

Figure 17: IV Map of TiO2 NRs in the dark(left) and 

light(left), sample size 1x1μm2 

 

For the TiO2 NRs,  two points of interest were selected, points 7 and 16 as labelled on the 

topographical map shown with the yellow circle. The IV maps are compared, dark on the left, 

with light on the right. For point 7 the current is equal, ~13 nA, in both dark and light conditions. 

While point 16 the samples under light conditions have a current of 14 nA while the dark sample 

has a current of less than 1nA(=0.4 pA). 

 

Figure 18: IV Map of 100nm Cu2O/TiO2 NRs in the dark(left) and light(left), sample size 1×1μm2 

 



 

 

 

Figure 19: White LED emission spectrum for AFM light source, Intensity vs Wavelength (nm) 

 

Two additional topographical images were taken, one with sample size 5×5 μm2 and the other with 

1×1 μm2. The topography was carried out in semi-contact mode,  c-AFM. Artifacts of the tip-

surface interaction are still visible in the topographical image.  

 Figure 20: Topographical Map of 100 nm Cu2O / TiO2 NWs, Semi-Contact mode, 5x5 μm2 (left) 1x1 μm2(right) 

 

4.7.2 KPFM 

For the KPFM the voltage is applied to the FTO substrate and the AFM tip is grounded. 

The sample is being illuminated from the bottom via the same white LED emission from the 

c-AFM studies.  Kelvin Probe Force Microscopy (KPFM) was used in order to 

simultaneously take topographic images as well as surface potentials. KPFM was performed 

on Sample A, 100nm Cu2O/ TiO2 NRs which can be seen in figures 21 and 22 with and 

without white light illumination, respectively.  KPFM measurements for bare TiO2 NRs can 

be seen in figures 24 and 23, with and without a white light illumination respectively. Lastly 

figure 25 displays the KPFM measurement of the reference sample (Highly Oriented 



 

Pyrolyzed Graphite – HOPG) under white light illumination. The main effect of the 

illumination is that the surface potential has higher values when compared to dark conditions.  

 

Figure 21: Topographical map (left) and surface potential (right) of 100 nm Cu2O / TiO2 NRs under white 

light illumination  

 



 

Figure 22: Topographical map (left) and surface potential (right) of Cu2O 100 nm / TiO2 NRs in the Dark 

  



 

 

Figure 23: Topographical map (left) and surface potential (right) of TiO2 NRs in dark conditions 

 

Figure 24: Topographical map (left) and surface potential (right) of TiO2 NRs under white light 

illumination  

 

 

Figure 25: Topographical map (left) and surface potential (right) of HOPG in dark conditions 

 

Work Function 

Utilizing the data retrieved from the surface potential measurements of each sample, it was 

possible to calculate the work function using the following equations :  

𝛷𝐻𝑂𝑃𝐺 = 4.475 𝑒𝑉  



 

𝛷𝑇𝑖𝑝 = 𝛷𝐻𝑂𝑃𝐺 + |𝑒|𝐶𝑃𝐷𝐻𝑂𝑃𝐺   

𝛷𝑆𝑎𝑚𝑝𝑙𝑒 = 𝛷𝑇𝑖𝑝 − |𝑒|𝐶𝑃𝐷𝑆𝑎𝑚𝑝𝑙𝑒 

Starting from a known work function (e.g. the Ф of HOPG) and the contact potential difference 

(CPD) acquired from the KPFM measurements, we can obtain the Ф of the tip and then the Ф of 

the sample. Therefore, the Фtip was estimated by measuring the CPD on sample with a known 

work function. The work function is displayed in Figure 26: Apparent work function (above) and 

apparent work function probability density function (below). The Apparent work function is 

displayed below, in figure 26.  

 

 

 

 

Figure 26: Apparent work function (above) and apparent work function probability density function (below), (12) 

(13) 

 



 

 

Material Work Function,eV (Measured) Work Function,eV(Literature) 

HOPG 4.7 (not shown on figures*) 4.475 [12. N ,Almqvist,; Morphological 

And Electrical Characterization Of Cu-
Doped PbS Thin Films With AFM, Volume 

8, Issue 11, 1029-1037, (2017)] 
 

TiO2 Dark 4.24 5.4 [13. M , Greiner; Adv. Funct. Mater, 

22, 4557-4568 (2012) ] TiO2 light 4.18 

Cu2O / TiO2 Dark 4.44 NA 

Cu2O/TiO2 Light 4.35 NA 

 

Table 3: Work function of materials measured vs literature values 

5.0 Discussion 

The structural characterization for the heterojunctions: XRD, SEM, Raman was 

straightforward and verified the presence of the desired p-type and n-type material, Cu2O and TiO2 

respectively. Initially SEM was a quick imaging technique of showing that the TiO2 nanorods were 

grown,showing the extent of homogeneity, as well as determining both the length and width of the 

nanorods. The XRD further justified that the nanorods were composed of TiO2 primarily in the 

rutile phase and no other forms of Titanium oxides. It was important to identify that TiO2 was 

primarily in the rutile form since there is another polymorph, TiO2 anatase, which has different 

physical properties. The XRD measurements performed were unable to properly distinguish the 

presence of Cu2O since the Cu2O film was too thin to give an intense enough signal. XRD does 

have the capability to detect copper oxide; however, the present in-house XRD is not equipped 

with a low angle grazing incidence. An alternative method to use XRD to detect the diffraction 

angles of Cu2O would be to perhaps switch to a small angle x-ray scattering technique. Raman 

spectroscopy can determine the presence of Cu2O, as well as TiO2. The drawback is that the Raman 

modes for Cu2O are very similar to the Raman modes of other copper oxides, nevertheless Raman 

shift was fairly identical to the literature values for Cu2O , so it is reasonable to say that it the 

Raman mode belongs to Cu2O and not another copper oxide.  

The optical characterization: absorbance, transmission, and reflectance followed the 

predicted behavior. These optical properties allow it to be suitable for solar cell applications. The 

Tauc plot information was derived from the absorbance data which were used to calculate the 

experimental values for the bandgap of the Cu2O and TiO2. The experimental values for the 

bandgap of TiO2 lay within the range reported in the literature, 3.0-3.2 eV (13). The slope of the 

Tauc plot is used to attain the x-intercept, which is the experimentally attained bandgap. It is very 

important to acquire the correct slope, but it is possible since the slope is so distinct and steep. 

Also the TiO2 bandgap is within the range of the literature values, when the slope is in the part of 

the graph with the steepest slope. However, the Cu2O bandgap that was calculated from this 

method deviates considerably from the literature value, 2.76 eV vs 2.0 eV respectively (13). 

Unable to fully explain why there is such a deviation, it could be potentially due to the presence 

of highly defected Cu2O. However, further analyses should be needed to clarify this point.  

Macro-electrical characterization revealed that there was a non-zero current at 0 voltage, 

which should not occur. This may have been due to light leakage, or some internal resistance. 

However, a light effect was observed, which increased the ISC and VOC. It is important to note that 

the ISC and VOC occur in the fourth quadrant, it typically is in the first quadrant (positive x and y 

axis). This is due to the polarity of the device being switched and reading negative values, this 



 

effect does not interfere since the absolute values would give equivalent Isc and Voc values. The 

calculated efficiency was extremely low, due to the small rise of current between the solar cell 

when the light was turned on. Despite the very low efficiency there is still a photovoltaic effect, as 

evident by the current increasing when the light was switched on.  

The c-AFM studies were useful as they were able to generate topographical maps, IV 

curves, deflection & force curves, as well as IV maps. Changing the parameters, such as going 

from contact to semi-contact mode, was crucial to bettering the results. A good example is how 

the topographical images improved when switching from contact to semi-contact mode. The force 

and deflection curves revealed general mechanical properties of the TiO2 nanorods, but it was not 

extremely crucial for the overall studies of the solar cells. One point which is still unclear is the 

IV maps. Due to the many holes, and areas with no nanorods, areas which are not part of the 

nanorod array, the IV curves became confusing. That is why certain points did not follow the 

expected trend for the IV curves in dark versus light. IV curves on nanorods did follow the current 

increase from dark to light, as expected. The IV maps did reveal that the nanoscale inhomogeneity 

of the nanorods did disrupt the photovoltaic response.  

KPFM studies allowed for simultaneous measurements of the topography and surface 

potential. The topographical images were extremely clear in this mode of AFM, not due to the 

mode but due to the tip being sharper. It was difficult to create clear images for the surface 

potential, as it appeared that the surface potential was consistent. It was expected that there would 

be considerably higher surface potentials on the tips of the nanorods. Although there were higher 

surface potentials on the nanorods, it was not so much higher than the valleys, holes, and other 

non-nanorod features, as shown by the low range (i.e. -3.4 eV to -3.2 eV). One such parameter that 

was applied to the heterojunction when performing the KPFM measurements was a BC voltage 

bias of 3.5 V. This voltage bias was initially used because there was considerable noise and very 

little surface potential activity when no voltage bias was applied. However, it is possible that this 

applied voltage bias did affect the surface potential. Nevertheless, the surface potential was 

ultimately used to calculate the work function, in which the calculated work functions deviated 

drastically from literature values. Repeating the KPFM under other parameters as well as 

calculating the work function using a non-AFM technique, such as X-ray Photoelectron 

Spectroscopy (XPS) would be helpful. To further investigate the effect these nanometer length 

scale inhomogeneities caused for the heterojunctions performance as solar cells it was crucial to 

perform the nanoscale electrical characterization methods 

 

6.0 Conclusion 

Cu2O/TiO2 nanorod heterojunctions were successfully obtained, by synthesizing n-type 

TiO2 nanorods using and combining hydrothermal methods from the literature, and finally 

depositing the p-type layer of Cu2O by sputtering. The structure was verified via SEM, XRD and 

Raman spectroscopy. The synthesis can be modified in future work, in order to eliminate 

inhomogeneity in the crystal layer with the hopes of achieving higher conversion of light to 

electricity. The following optical measurements were performed: absorbance, transmittance, and 

reflectance. From the optical data, specifically the absorbance, it was possible to generate a Tauc 

plot. The Tauc plot revealed the bandgaps of the n and p-type materials, TiO2 and Cu2O 

respectively. The bandgap for TiO2 was within the range of the literature value, while the bandgap 

for Cu2O was not within the range of the literature values. The macro-electrical data revealed that 



 

there was a photovoltaic effect; however, there was a very little increase in current in dark versus 

light. This small increase in current resulted in a low efficiency, but as a proof of concept it was a 

successful demonstration of a photovoltaic effect. Lastly, the AFM studies were used to for 

nanoscale characterizations of: force & deflection curves, topographical imaging, IV curves, IV 

maps, and surface potential mapping. Two advanced AFM techniques were used in these studies: 

c-AFM and KPFM. KPFM was used to generate surface potential mapping which was then used 

to calculate the apparent work function of the materials. The apparent work function deviated from 

literature values; however, one of the most interesting results was observing a correlation between 

the work function and illumination: under illumination the work function of the material decreases. 

A light effect was very clear in both the macro-electrical measurements and the local AFM 

measurements. 
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