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ABSTRACT 
 

Replacing the expensive platinum layer in the dye-sensitized solar cells (DSSC) with cheaper 

materials can reduce the cost of these types of solar cells dramatically. In this study, the 

possibility of replacing the Pt layer with Cu is investigated. For this purpose, iodine which is 

used as electrolyte in dye-sensitized solar cells was deposited on the Cu(100) surface. Different 

amounts of Iodine was adsorbed on the surface, and consequently different iodine structures are 

observed. Low Energy Electron Diffraction (LEED) and Scanning Tunneling Microscopy (STM) 

are implemented to observe and verify the atomic structure on the Cu(100) substrate. LEED and 

STM images showed that iodine arranges in p(2x2), c(6x2) and c(4x2) phases on the Cu(100) 

surface. The study of the interface electronic properties has been done by use of photoelectron 

spectroscopy. Coverage dependent I4d spectra do not show any chemically shifted peaks, but a 

collective shift toward lower binding energy (at increasing surface concentration). The Cu3p 

spectra are found to be insensitive to the amount of iodine and heating; no iodide is formed on 

this surface. The spectroscopic results indicate a moderate Cu-I interaction and the surface 

atomic and electronic structure is strongly influenced by the iodine-iodine interaction in the 

surface layer.  
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1 Introduction 

A dye-sensitized solar cell (DSSC) is a type of thin film solar cell which has technical and 

economic advantages over todays p–n junction photovoltaic devices [1]. It consists of a a photo-

sensitized anode and an electrolyte which make a photoelectrochemical system. In the 

conventional systems, the semiconductor does both the task of light absorption and charge carrier 

transport but in DSSC the two functions are separated. Light is absorbed by a sensitizer, which is 

attached to the surface of a wide band gap semiconductor. Charge separation takes place at the 

interface by photo-induced electron injection from the dye into the conduction band of the solid 

[2].  In Figure 1-1  the schematic of a dye-sensitized solar cell is shown. 

 

Figure 1-1. Schematic of dye-sensitized solar cell 

The photons from the impinging sunlight excite electrons across HOMO-LUMO gap of the 

molecule and result to injection of the electron to the conduction band of the substrate. The 

electrolyte which is around, regenerate dyes and close the circuit. Electrolyte is usually 

composed of an iodine based redox couple.  

Conducting glass electrode 

Pt mirror 

Electrolyte with redox mediator 

(  /  
 ) 

 

     with Adsorbed dye 

 Conducting glass electrode 

hʋ 

 

http://en.wikipedia.org/wiki/Thin_film_solar_cell
http://en.wikipedia.org/wiki/Electrolyte
http://en.wikipedia.org/wiki/Photoelectrochemical_cells
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The DSSC have several advantages. It is simple to use conventional roll-printing techniques for 

manufacturing of DSSC. They are semi-flexible and semi-transparent which offers a variety of 

applications, but their efficiency in energy conversion is relatively low about 10% [2].  The other 

advantage is that most of the materials used in DSSC are low-cost but elimination of some 

expensive materials like platinum and ruthenium is a challenge. Investigating the possibility of 

replacing platinum with copper is the objective of this study. 

1.1 Objective 

Iodine is widely used in different areas such as catalysis, etching and as redox couple in Grätzel 

solar cells. Typically the reacting surface which is used in DSSC is a metal like platinum. The 

possibility of using cheaper metals is a wide and active field of research. In this study it is tried 

to investigate capability of Cu(100) for replacement. 

The atomic structure of individual iodine atoms/ions and also of the iodine layer on the metal 

surface; determines their reactivity and the function of the “device” within which is works. 

Iodine is used a “marker” in some catalytic reactions, but if it is left on the surface of the catalyst 

it could affect the activity or modify the selectivity, thus either good or bad. In etching iodine is 

expected to form volatile reactions products. In the solar cell the metal electrode should 

dissociate tri-iodide into iodide which then should leave the surface and be transported to the 

TiO2 electrode. 

In this project we have looked at surface structures of iodine formed on single crystalline metal 

surfaces. Pd(110), Pd(111), Pt(110), Pt(111) and Au(111) are previously studied and (100) 

surfaces are investigated in the current study. 

Cu(100) and Ag(100) are both transition metals with fcc structure and they do not reconstruct. 

Iodine forms a p(2x2) structure at 0.5 ML iodine coverage and a compressed p(2x2) structure at 

a little bit higher coverage. The purpose of our studies is to determine the atomic structure and to 

measure I4d core level spectra. These spectra are very sensitive to the local environment. 

For determination of the atomic structure STM is used. Sample preparation, STM and LEED are 

performed in Kista. The photoemission experiments are done at MAX-lab, in Lund, Sweden.  

http://en.wikipedia.org/wiki/Platinum
http://en.wikipedia.org/wiki/Ruthenium
http://en.wikipedia.org/wiki/Platinum
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2 Experimental methods 

A number of different techniques are implemented for obtaining the data which are presented in 

this study. Scanning tunneling microscopy (STM) is used to get local information about the 

atomic structure and by low energy electron diffraction (LEED) averaged structural information 

over a larger surface area is obtained. 

A clean and well controlled environment is essential for studying surface properties at the atomic 

and molecular level since any pollution can introduce errors in measurements. To fulfill this 

requirement, the experiments are performed in vacuum chamber with a base pressure of about 

2.10
-10

 Torr.  

2.1 Surface preparation 

One of the first and most vital steps in studying surface properties at the atomic and molecular 

level is the preparation and cleaning. Ion Bombardment and Annealing (IBA) is the method that 

is implemented for cleaning and achieving an ordered surface. 

Argon gas is entered into the preparation chamber by a leak valve during ion bombardment 

process. The leak valve pressure can be adjusted. The argon atoms are ionized by electrons from 

a hot filament and resultant argon ions are accelerated toward the sample by applying a voltage 

around 1 kV. As argon is a noble element, it is selected to minimize the chemical reaction as low 

as possible. During this procedure which is also called sputtering, the argon gas hit the surface to 

move surface atoms and make a cleaner surface. 

Desorption of implanted argon ions and reordering the sample surface is done by annealing. At 

this step a filament is placed beneath the sample and electrons are emitted from the filament by 

applying a high voltage. The electrons hit the back side of the sample holder which leads to 

temperature raise that is measured by an optical pyrometer. The IBA process is usually repeated 

several times, in order to prepare the surface.  

2.2 Iodine adsorption 

After cleaning and preparation of the sample surface the iodine adsorption is done.  This process 

is completed by using an electrochemical cell which is illustrated in Figure 2-1.  
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Figure 2-1. Schematic of electrochemical cell 

Silver iodide is located in the electrochemical cell and a Platinum (Pt) plate is laid above the 

silver iodide. They are heated up with a heating wire around the glass tube. Then a voltage 

difference is provided with a thin wire that is on the Pt plate. The thin wire goes to a power 

supply that provides a positive voltage on the ring.  

Collected negative ions which are   , recombine to    as gas and leave the Pt surface and go to 

the sample surface. It should be noticed that iodine have a negative charge and as we need iodine 

gas on our sample surface, a plus voltage should be provided on the surface side and negative 

voltage must be grounded. 

2.3 Scanning tunneling microscope (STM) 

The scanning tunneling microscope (STM) is used for imaging surfaces at the atomic level and 

was first developed in 1981 by Binning and Rohrer at IBM in Zürich which earned them the 

Nobel Prize in Physics in 1986 [3]. This imaging technique can characterize the surface 

geometric and electronic structure, physical and chemical properties with lateral and vertical 

resolutions of about 2 Å and 0.01 Å respectively, which enables imaging and manipulating of 

individual atoms [4]. However the lateral resolution of STM depends on the tunneling current 

width, which is a function of physical properties and electronic state of tip and sample surface. 

Tunneling is possible in a widespread temperature range; from near zero Kelvin up to several 

hundred Kelvins. 

AgI + heat →     and    

 

Pt wire    +    

20V   

   

 

Cu (100) 

Glass tube 

 

+                       -       

              

 

 

   gas 

 

Pt ring 

0.45A 

http://en.wikipedia.org/wiki/Nobel_Prize_in_Physics
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Figure 2-2, Schematic figure of the Scanning tunneling Microscopy (STM), Taken 

from [5] 

The principle of quantum tunneling is the base for STM. As shown in Figure 2-2, by bringing a 

conducting tip very near to the sample surface, a bias (voltage difference) applied between the 

two can allow electrons to invade into the potential barriers which has higher energy than itself. 

In this case the potential barrier is created by vacuum, air or even liquid. 

In STM there is no contact between the tip and the sample surface. But when the distance 

between tip and substrate is within a few Ångstroms, the electron wave functions of tip and 

substrate can overlap and make it possible for the electron to tunnel through each side to the 

other, which results in a zero net current. By adding a small voltage difference between the tip 

and a conductive substrate, a net current can be acquired. The tunneling current IT depends 

exponentially on the distance d and the square root of the bias (E-EF), as mentioned in Equation 

2-1. 

http://en.wikipedia.org/wiki/Quantum_tunneling
http://en.wikipedia.org/wiki/Biasing_(electronics)
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   (   
√        

 
) Equation 2-1 

As it is shown in Figure 2-2, in order to start scanning the tip should be carried toward the 

sample surface by a coarse motion. The atomically sharp metal tip is usually made of tungsten or 

platinum-iridium alloy. The sample is scanned in lateral (x,y) direction and fine adjustment in 

vertical (z) direction is dependent on the selected scanning mode: constant current imaging (CCI) 

mode or constant height imaging (CHI) mode. In CCI mode the tunneling current is measured 

and amplified and this signal is used in a feedback loop to regulate the voltages applied to the 

piezoelectric devices that keep a constant current. If the surface is very flat, the feedback loop 

can be turned off to measure the current changes during scanning which is called CHI mode 

which much faster compare to the other mode. 

The current is very sensitive to the vertical position of the tip which makes the STM system 

sensitive to vibrations. To be able to display the fine structure at atomic level, the whole STM 

system needs an efficient vibration isolation system. Human voice, building vibration or any 

sudden perturbation like jumping on the floor or touching the system could lead to the loss of a 

stable tunneling state. To achieve highest possible stability, the STM should be placed in the 

basement and the whole UHV system should be mounted on Pneumatic legs. Mounting the STM 

on a two stage spring system with eddy-current damping is a commonly used damping method 

which is used inside the UHV system. 

2.4 Low Energy Electron Diffraction (LEED) 

Low-energy electron diffraction (LEED) is one of the most common techniques for the 

determination of the surface structure of crystalline materials by using the fact that moving 

particles like electrons can be described as waves. In LEED the sample is exposed to a beam of 

low energy electrons (20-200eV) which gives a so called de Broglie wavelength of 2.7-0.5 Å that 

can be calculated based on Equation 2-2. The de Broglie-wavelength is in same length scale as 

the distance between two atoms in a crystal, which is normally 2-5 Å [6]. The diffracted 

electrons reveal the arrangement of atoms on the surface and are visualized on a fluorescent 

screen. 

  
 

√   
 Equation 2-2 
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In de Broglie equation h is Planck’s constant, m is the electron mass and E is the energy of the 

electrons.  

The experimental set-up of LEED is demonstrated in Figure 2-3. An electron gun accelerates and 

produces a parallel and mono-energetic electron beam that is focused on the sample. 

 

 

Figure 2-3. Experimental setup of LEED 

The acceleration process is done by applying a variable voltage which changes the kinetic energy 

of emitted electrons. The electrons get diffracted after hitting the sample. The scattered electrons 

then pass a system of grids before it is accelerated onto the fluorescent screen. The sample and 

the first grid are grounded to make it possible for scattered electrons to travel in a field free 

region. A variable voltage is applied in second and third grid to filter out the inelastically 

scattered electrons. Between the phosphor screen and the fourth grid a high voltage is applied to 

give electrons enough energy to light up the phosphor screen and reveal the pattern. LEED is 

normally done as a step in the surface preparation and to check if the crystallographic quality of 

the surface. If the surface is well ordered then a LEED pattern with small and sharp spots which 

have high contrast will be obtained. 



11 

 

2.5 Photoelectron spectroscopy 

Photoelectron spectroscopy (PES) is a multipurpose and powerful testing technique which is 

used for studying chemical composition, chemical bonding and electronic structure in the surface 

of a sample. The photoelectric effect is the base of all different PES techniques and the only 

difference is the type of excitation source. X-ray photoelectron spectroscopy (XPS) and 

ultraviolet photoelectron spectroscopy (UPS) are two types of PES. In ultraviolet photoelectron 

spectroscopy which is implemented in this work, the valence band region is studied and 

ultraviolet radiation is used as excitation source. In the case of using synchrotron radiation light 

source, the distinction between these two techniques are eliminated since it is possible to choose 

the photon energy continuously from UV to soft X-ray region [7]. 

PES works based on the photoelectric effect which means the emission of electrons from a 

sample due to exposure to light. It is known that kinetic energy of the emitted electrons depends 

on the frequency of light rather than the intensity. Based on Einstein theory for photoelectric 

effect, it is assumed that electromagnetic radiation is composed of particles which are called 

photons and their energy is           , where h is Planck’s constant and   is the radiation 

frequency. 

The procedure in photoelectron spectroscopy consists of exposing a sample to a monochromatic 

beam of photons and measuring the intensity of the emitted photoelectrons as a function of the 

kinetic energy (KKin) in a chosen energy range. The electron binding energy (Kbin) in the solid is 

then calculated by equation below.  

                    Equation 2-3 

Where   is the work function (energy difference between Fermi level and vacuum level) of the 

material. The experimental setup of photoelectron spectroscopy is shown in Figure 2-4. During 

this process a photon is absorbed and consequently an electron is excited to a higher energy level 

and travels to the surface of the sample. The electron is emitted from the surface out into the 

vacuum and continuous its path to the detector. 
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Figure 2-4. The photoemission process 

While the electron travels to the surface of the sample, it is possible that the electron can be 

scattered inelastically by e.g. phonons or plasmon excitations which result in some energy loss in 

electrons. The probability for electron scattering in solids is affected by the kinetic energy of the 

electron but little by the type of solid. This is illustrated in Figure 2-5 where the mean free path 

of electrons in various materials is plotted as a function of kinetic energy. 

The photon source can be an x-ray tube (XPS), a gas discharge lamp giving ultraviolet light 

(UPS), a laser source or a synchrotron source. To minimize the energy region of the photon beam 

a monochromator is usually used in order to improve the resolution in the spectra. A portion of 

the photoelectrons then enter to an electron analyzer which is connected to an electron detector. 
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Figure 2-5. Universal curve showing how the mean free path of electrons  in various 

materials depends on the kinetic energy of the electrons.  
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3 Results and discussion 

3.1 Iodine adsorption and LEED measurements 

The Cu(100) is used as substrate in this study. The amount of iodine which is deposited on the 

surface is controlled by the time period which the current of equal to 7.5 μA is passed through 

the AgI. Bigger time periods results in higher iodine adsorption. By heating the sample the 

iodine on the sample surface starts to disappear. Increasing the temperature leads to more iodine 

removal from the surface. By adding and removing the iodine and checking the sample surface 

using LEED, different phases are observed. 

  

Cu(100) 

 

 
 

p(2 2) 

Figure 3-1. LEED patterns (E0=130 eV) on Cu(100) at 300K _Cu(100), p(2 2) 
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Figure 3-1and Figure 3-2, show a series of LEED pattern observed as a result of different 

exposures of Cu(100) surface to molecular iodine. The LEED electron energy equal to 130 eV is 

applied. The schematic pattern of each phase is also included to make the verification of 

observed patterns easier. 

  

c(6 2) 

 

  

c(4 2) 

Figure 3-2. LEED patterns (E0=130 eV)on Cu(100) at 300K_c(6 2), c(4 2) 

During initial stage of iodine adsorption no changes in the substrate pattern were detected.  By 

continuing the process the p(2 2) appeared. Further iodine exposure leads to the c(6 2) phase 

and furthure iodine adsorption end up to the c(4 2) surface pattern. 

For the sake of comparison and verifications the LEED patterns from [8] are also shown in 

Figure 3-3. It should be noted in that study, they used E0=45 eV. 
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Figure 3-3.  LEED patterns (E0  =45 eV) obtained for increasing exposure of molecular 

iodine on Cu(1 0 0) at 300 K. Pattern ‘‘A’’ corresponds to the clean Cu(1 0 0) surface 

and the pattern ‘‘H’’––to the saturated iodine coverage, Taken from [8] 
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3.2 STM measurements 

The STM image (70 30 Å
2
; 3.09 mV; 156pA) in Figure 3-4 illustrates the atomic structure of 

the surface corresponding to the LEED pattern in Figure 3-1. It shows a square structure with a 

lattice constant ~5.1 Å in agreement with the expected dimensions of the p(2 2) structure. The 

atomic structure is not perfect and there are several atoms that appear to be shifted away from 

their expected position. The STM observation is in good agreement with the interpretation of the 

LEED diffraction pattern. Figure 3-5 shows the p(2 2) iodine phase which is achieved in [8]. 

Although their image is more regular than ours the two images share many similarities. One 

difference is that our image is not square. This is due to drift in the STM, so the image is skewed 

and stretched. There is also an atomic model next to the Russian STM image. Black balls 

represent iodine atoms and the net work is the Cu(100) surface. Each cross represents the 

position of one Cu atom. The iodine atoms are thus positioned in the hollow site, between four 

Cu atoms. This is a rather common position for iodine, they try to come as close to the surface as 

possible to share the electrons from the metal atoms. 

An STM image (-5.3 mV; 23.3pA) corresponding to the c(6x2) LEED pattern in Figure 3-2 is 

shown in Figure 3-6. Figure 3-7 is an image of the same structure in the Russian study [8], 

together with an atomic model. The lattice constants are ~(15.3Å 5.1Å). Again balls represent 

iodine atoms, black in hollow site and grey ones have been shifted towards a top site. They do 

not reach the top site, but they are close to one of the Cu-atoms beneath. This is also often 

observed for iodine structures on metals. Due to the increased density of iodine atoms, they 

cannot all be in their favorite position, but have to find new places. The final and optimal 

structure at a given coverage is a balance between iodine-Cu interaction and I-I interaction 

within the adsorbate layer. 

By increasing iodine adsorption even more, a new ordered iodine phase is formed which 

corresponds to the LEED Figure 3-2. The associate STM image (65 40 Å
2
; 17.1 mV; 32.5pA) is 

presented in Figure 3-8 which is c(4 2) structure. The red rectangle is a (4x2) unit cell. The 

lattice constants are ~(10.2Å 5.1 Å). The interpretation of the image appears at first to be very 

simple, each protrusion is an atom. But the coverage would then be 0.25 ML, which is the same 

as in the p(2x2) structure. A more likely explanation would be that the increased density shifts 

some iodine even more away from the hollow site and thus generates two rather different atoms, 
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which appears different in the image; one is bright and the other is lower and not clearly visible. 

We do not present a structure model for this phase, since we do not clearly see the atoms. 

 

Figure 3-4. STM image of the p(2 2) iodine phase structure_(70 30 Å
2
; 3.09 mV; 

156pA) 

 

  

Figure 3-5. STM image (115   99 Å
2
, I t = 0.45 nA; Us = -1900 mV) of the P(2 2) iodine 

phase structure. A schematic real space model is shown at the right, Taken from [8]  
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Figure 3-6. STM image of the c(6 2) iodine phase structure_(-5.3 mV; 23.3pA) 

 

 

Figure 3-7. (a)STM image (222   222 Å
2
, I t = 0.45 nA; Us = -15 mV) of the C(6 2) 

iodine phase structure, (d) STM image (50   26 Å
2
, I t = 0.45 nA; Us = -15 mV) of the 

C(6 2) iodine phase structure. A schematic real space model is shown at the bottom , 

Taken from [8]  
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Figure 3-8. STM image of the c(4 2) iodine phase structure_(65 40 Å
2
; 17.1 mV; 

32.5pA) 

3.3 Photoelectron spectroscopy results 

I4d photoelectron spectra from Cu(100) at different amounts of iodine is presented in Figure 3-9. 

I4d has a two-peak structure which is due the spin orbit splitting of the 4d level. At the lowest 

coverage this double peak represents one type of iodine atoms. As it can be seen, by adding 

higher dose of iodine the I4d shifts toward lower binding energy, but no new peaks appear. The 

effect of heating is shown in Figure 3-10, the I4d shifts toward higher values. 

It should be mentioned that even though the core level does not take part in the chemical bond it 

is a sensitive measure of the electronic environment surrounding the emitting atom. Thus it can 

be used as a probe of the chemical/electronic state. In our case one would from the atomic model 

of the c(6x2) structure expected two different peaks, separated by the chemical shift due to 

differences in the chemical environment. This is not the case. The shift to lower binding energy 

indicates that the electron density on the iodine layer increases as the coverage increases. One 

possible scenario is that the iodine is affected collectively by the surface density changes. This 

can be understood if the I-I interaction dominates over the Cu-I interaction and any change 
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locally is compensated within the iodine layer. In order to clarify this issue more work is needed, 

for example theory, where different interactions can be isolated and separated.  

 

Figure 3-9. I4d spectra for different amount of I  
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Figure 3-10. I4d spectra for different annealing temperatures 
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Figure 3-11. Cu3p spectra for different amount of I  
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Figure 3-12. Cu3p spectra for different annealing temperatures 

According to Figure 3-11 and Figure 3-12, Cu3p spectra is insensitive to the amount of iodine 

and heating. So it can be concluded that no iodide is formed. 
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4 Conclusion 

In this study iodine induced structures on Cu(100) are investigated. Different amount of iodine is 

deposited on the surface. Using LEED and STM three different phases including p(2 2), c(4 2) 

and c(6 2) are observed. By means of ultraviolet photoelectron spectroscopy, energy level and 

interface electronic properties are investigated. 

Base on the spectroscopy results by adding higher dose of iodine the I4d shifts toward lower 

binding energy and by heating the iodine and decreasing its dose, binding energy shifts toward 

higher values. The Cu3p spectra are found to be insensitive to the amount of iodine and heating. 

Generally due to the small values of shifting at different iodine coverage, Cu(100) does not seem 

to be the perfect replacement for Pt in dye-sensitized solar cells (DSSC). But further 

investigations and researches are required to before making any final conclusion. 
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