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Abstract 

 

Pyrite (FeS2) has recently attracted significant interest as a photovoltaic material 

due to its promising optical properties, high photon to electron conversion yield, and low-

cost raw materials. However, hopes have been tempered by recent discoveries that suggest 

the presence of hard to remove bulk sulfur defects. This research was focused on 

engineering and implementing the crystallization of pyrite from a sulfur rich solution to 

counteract the material’s natural tendency to form bulk sulfur defects. Homoeptiaxial 

layers and single-crystal samples have been grown from tellurium sulfur melts with an Fe:S 

ratio of 1:4 using both natural and synthetic substrates. The homoepitaxial layer has been 

characterized using scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), and high resolution transmission electron microscopy (HRTEM), 

confirming the epitaxial nature of the synthetic FeS2 layer, and X-ray and ultraviolet 

photoelectron spectroscopy (XPS and UPS) to better understand the energetics of the 

grown materials. Furthermore, epitaxial growth onto natural pyrite, in contrast to substrate 

etching, was established using sulfur-34 substitution and secondary ion mass spectrometry 

(SIMS) (Chapter 2). Growth onto synthetic pyrite was also described (Chapter 3). Finally, 

the photovoltaic properties of homoepitaxial layers of high temperature solution growth 

pyrite onto a synthetic templating crystal was characterized using electrochemical methods 

(Chapter 4).  
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1 An introduction to pyrite 

 

1.1 A diverse research field 

Pyrite (FeS2) has received a lot of attention in many different research areas. FeS2 

has attracted considerable attention over the past decades as an energy-conversion material, 

as a common by-product of mining, and as a factor in some origin-of-life theories. As a 

matter of fact, FeS2 has mainly been studied for purposes other than those related to solar-

energy conversion. Pyrite is commonly encountered during mining operations and it is 

found in both gold and coal among many other materials; thus, effectively removing pyrite 

is crucial to recovering the desired compounds.1 Furthermore, oxidative decomposition of 

pyrite in the presence of O2 and H+ leads to acid mine drainage and production of H2S, a 

toxic gas.2,3 In the origin-of-life field the “iron-sulfur world” (ISW) has attracted much 

interest and it has been theorized that pre-biotic chemistry took place under extreme 

conditions at the interface between water and Fe/S minerals.4 However, the topic of this 

work is pyrite as a solar cell material. Prior to describing pyrite, the details of solar cells 

will be discussed. 

1.2 Solar Cells 

The purpose of a solar cell is to convert the energy of light into electrical energy. 

This is most commonly done with semiconductors being the active light absorbing 

materials. Semiconductors are unique in that they have a conductive character that is in 

between conductors and insulators. Their electrical properties can be manipulated by 

doping. Doping is the substitution of constituent atoms with different atoms. Many 

semiconductors are crystals that are made of a single building block that is repeated in all 
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three physical dimensions. The periodicity results in the molecular orbitals of the single 

units combining and producing more orbitals. Each combination of atomic orbitals 

produces one of higher and one of a lower energy molecular orbital. Repeating this with 

many more atomic and molecular orbitals results in a large grand total of molecular orbitals 

as one crystal. Based on the lattice of pyrite, the number of Fe atoms in a single of the 

repeating units, the molecular weight, and Avogadro’s constant pyrite’s molecular density 

is calculated to be 2.5x1022 molecules/cm3. This results in many energy levels close enough 

together that they form bands which represent a continuum of energy levels as opposed to 

their original discrete energy levels. This idea is depicted in Figure 1.1. 
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Figure 1.1 Band formation from molecular orbitals into a crystal of pyrite. Energy is 

scaled so that the top is the energy of vacuum and becomes more positive down the 

diagram. The molecular orbitals start out from a single unit of pyrite. As more are added 

the two energy levels create more. In crystals this is repeated so that there is the 

formation of bands of continuous energy. The highest occupied molecular orbital 

(HOMO) is known as the valence band where the top edge in the diagram is the energy of 

the valence band edge (Evbe). The lowest unoccupied molecular orbital (LUMO) is 

known as the conduction band. The bottom edge of this band is the energy of the 

conduction band edge (Ecbe). The space between these two does not have any energy 

levels and is known as the band gap (Eg).  

In Figure 1.1 the left starts with the molecular orbitals of a single pyrite molecule. 

Moving towards the right is the accumulation of more pyrite molecules into the bands of 

the crystal. The lower band is the highest occupied molecular orbital and the one above it 

is the lowest unoccupied molecular orbital. These are referred to as the valence band and 

the conduction band. Ecbe is the energy of the conduction band edge, the bottom level of 

conduction band, and Evbe is the energy of the valence band edge, the highest level in the 

band. The difference between these two levels is the band gap whose energy is represented 
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by the term Eg. This gap is unique to semiconductors. For conductors these two bands 

overlap and for insulators the gap is much larger, and the energy required to promote an 

electron to the LUMO is enough to break the bonds of the molecule. Below the diagrams 

of the bands the crystal structure for pyrite is shown according to the number of orbitals 

shown in the diagram. The energy levels in the diagram are referenced to vacuum as zero 

energy. This is the convention that electrochemist use which is based on work function, 

physicist use a more negative value for more tightly bound electrons. 

At room temperature there is enough energy to promote an electron from the 

valence band to the conduction band. This leaves an electron vacancy in the valence band, 

which has a positive charge and is commonly known as a “hole”. The amount that this 

occurs varies in semiconductors and is dependent on the size of the bandgap and the 

temperature. The density of electrons in the valence band and holes in the conduction band 

is known as the intrinsic carrier concentration and can range from 106 to 1012 cm-3 which 

is very small compared to the density of molecules of a semiconductor like pyrite            

(1022 cm3).  

An important energy level of the semiconductor band diagram is the Fermi level. 

This is the electrochemical potential of the electron in the semiconductor, this is the amount 

of energy required to add an electron. It is a thermodynamic quantity and represents the 

level with a 50% probability of occupation. The Fermi level does not have to be at an actual 

energy level, it does not for intrinsic (undoped) semiconductors instead it is in the bandgap. 

The semiconductor can be doped to create levels within the bandgap to alter the Fermi level 

energy. The semiconductor that is doped is known as an extrinsic semiconductor. A solar 
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cell is often the result of the junction of the same semiconductor material that has been 

doped in two different ways. At the junction, electrons flow to the material of the more 

positive Fermi level.  

The junction formed is known as a p-n junction. P and n refer to the doping types. 

P-type doping involves substituting an atom of the semiconductor with an element that has 

fewer valence electrons. Ideally this creates an electronic level in the band gap above the 

valence band edge. This energy level is close enough to the valence band that an electron 

can leave and occupy the energy level. This is a shallow acceptor level, the further away 

from the valence band it is the deeper it is. This energy level accepts the electron and gains 

a negative charge, which is localized on the dopant atom. The electron vacancy in the 

valence band is known as a hole, which has a positive charge and is on a constituent atom 

of the semiconductor. P-type doping adds more holes to the material without adding 

electrons making holes the majority carrier. This type of doping brings the Fermi level 

closer to the valence band making it more positive.  

N-type doping involves substituting an atom of the semiconductor with an atom of 

an element with a greater number of valence electrons. This produces an electronic level 

below the conduction band edge that is occupied with an electron. This is a shallow donor, 

the further away from the conduction band the energy level is the deeper it is. Ideally the 

level is shallow enough that the electron can be donated into the conduction band at room 

temperature. This gives a negative charge to the conduction band and leaves a positive 

charge at the energy level on the dopant atom. This type of doping adds electrons to the 
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semiconductor without adding holes. Electrons are now the majority carrier and the Fermi 

level is closer to the conduction band. 

 
Figure 1.2. Energy diagram of a p-n junction. (a) is at 0 K. The bottom half of both (a) 

and (b) are two dimensional physical representations of the atoms in each of the 

materials. The black circles are the constituent atoms of the material. The red circles are 

donor atoms and the blue circles are acceptor atoms. ED and EA are the energy levels of 

the donors and acceptors. Ecbe and Evbe are the energy levels of the conduction and 

valence band edges. (b) is at room temperature. The atoms are labeled in the same way in 

(b) with the addition of free electrons as red dots, ionized constituent atoms as black 

circles with blue dots in them. Ionized donor atoms as blue dots with a black rim, and 

ionized acceptor atoms as red dots with blue rims. The Fermi level is also included on 

each side as a dotted line. 

Figure 1.2.a shows the junction of a n and p-type material at 0 K so there is not 

enough energy to promote electrons into the conduction band in the n-type material or to 

promote electrons into the acceptor level or the conduction band in the p-type material. 

There is an imaginary barrier between the two so that there is no electronic interaction 

between the two of them. The top of the figure shows an energy diagram like the one 
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described before. There is an energy for the conduction band edge as well as the valence 

band edge. The black circles at and below the conduction band edge represent the 

constituent atoms of the semiconductor. The n-type material on the left has an energy level 

of the donor atoms, ED. These levels are represented by red circles. The p-type material on 

the right has an energy level, EA, from the acceptor atoms as blue circles. Below the 

diagram is a physical representation of the semiconductor material. This also has the 

constituent atoms and donor atoms labeled.  

Raising the temperature results in Figure 1.2.b. Electrons from dopant atoms and 

much fewer constituent atoms have been donated to the conduction band of the n-type 

semiconductor and electrons from the constituent atoms have been accepted to the dopant 

levels of the p-type semiconductor and much fewer electrons have been promoted from the 

valence band to the conduction band. It is now clear that the n-type material’s free electrons 

greatly outnumber its holes and the p-type materials holes greatly outnumber its free 

electrons. 
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Figure 1.3. Energy diagram of a p-n junction. (a) is directly after the removal of the 

imaginary barrier. The black circles are the constituent atoms of the material. The red 

dots are free electrons. The black circles with blue dots in them are the constituent atoms 

that have lost an electron and now have a positive charge, this charge is known as a hole. 

The blue dots with thick black outlines are donor atoms that have been ionized which 

now have a positive charge. The blue circles with red dots in them are acceptor atoms 

that have accepted electrons and are now negatively charged. ED and EA are the energy 

levels of the donors and acceptors. Ecbe and Evbe are the energy levels of the conduction 

and valence band edges. (b) is directly after a when no more electrons can move from the 

n-type to the p-type. The Fermi level is also included on each side as a horizontal dotted 

line. The bottom half of both (a) and (b) are two dimensional physical representations of 

the atoms in each of the materials. In (b) the width W is the depletion width and the 

widths WD and WA are the depletion widths on the donor and acceptor doped 

semiconductors. 

Figure 1.3.a shows what happens directly after the removal of the barrier. The n-

type side has a greater concentration of electrons, diffusion drives them into the p-type 

material. They are also at a more negative energy. The figure below the band diagram also 

shows the physical movement of the electrons from the n-type to the p-type. Figure 1.3.b 

shows what happens directly after this occurs. The n-type side has an area that has donated 
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the electrons but is now left with the positive charges of the donor atoms. The p-type side 

has accepted the electrons into its positively charged constituent atoms leaving this area 

with a negative charge from the ionized acceptor atoms. This resulting charge creates an 

electric field whose direction drives electrons from the p-type to the n-type. At this moment 

the forces of the drift of the electric field encouraging movement of electrons into the n-

type side and the diffusion encouraging electrons into the p-type side is equal and there is 

no net movement of electrons. This region at the junction is depleted of carriers, holes or 

electrons. Therefore, the region is called the depletion region. Its physical width is marked 

W on Figure 1.3.b. The width on the n-type side which was doped with donors is designated 

WD, and the width on the p-type side, which was doped with acceptors, WA. The depletion 

width of each side is dependent on the concentration of donor atoms in the n-type material 

(ND), the concentration of donor atoms in the p-type material (NA), and the built-in voltage 

(Ψbi). The built-in voltage is the difference of energy of the Fermi levels of the p and n-

type side before removal of the barrier. At equilibrium the Fermi level is constant 

throughout the material. This is not the case in Figure 1.3. What makes it so that the Fermi 

level is constant throughout is the field in the depletion region. 



10 

 

 
Figure 1.4 (a) is the concentration of donors at the interface of a p-n junction where the n-

type is at positive distance and p-type at a negative, (b) the electric field built up at the 

same location, (c) the potential built up at the same location, (d) the band bending at the 

same location. (e) is the energy band diagram resulting from band bending caused by the 

electric field. The black circles are the constituent atoms of the material. The red dots are 

free electrons. The black circles with blue dots in them are the constituent atoms that 

have lost an electron and now have a positive charge, this charge is known as a hole. The 

blue dots with thick black outlines are donor atoms that have been ionized which now 

have a positive charge. The blue circles with red dots in them are acceptor atoms that 

have accepted electrons and are now negatively charged. ED, EA, Ecbe, Evbe and EF are the 

energy levels of the donors, acceptors, conduction band edge, valence band edge and 

Fermi level. The bottom half of (e) is a two-dimensional physical representation of the 

atoms in each of the junction. W is the depletion width and the widths WD and WA are the 

depletion widths on the donor and acceptor doped semiconductors. 
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To determine the electric field generated in the depletion regions the dopant 

concentrations must be known. In this example the dopant concentration is constant 

through the n and p-type materials. This is shown in Figure 1.4.a. The resulting electric 

field is calculated by: 

 ℰ𝐷 =
𝑞𝑁𝐷

𝜀𝑠
𝑊𝐷 , ℰ𝐴 =

−𝑞𝑁𝐴

𝜀𝑠
𝑊𝐴 1 

Where q is the elementary charge, ND is the donor density, NA is the acceptor density ԐS is 

the static dielectric constant of the semiconductor, and WA and WD are the widths from the 

junction. The resulting electric field calculations across the depletion region are shown in 

Figure 1.4.b. The electric potential in the depletion region is calculated by: 

 𝑉 =
𝑞𝑁𝐷

2𝜀𝑠
𝑊𝐷

2, 𝑉 =
−𝑞𝑁𝐴

2𝜀𝑠
𝑊𝐴

2 2 

This is calculated and shown for the depletion region in Figure 1.4.c. Adding the electric 

potential changes to the appropriate sides of the junction results in Figure 1.4.d. Applying 

this to the previous diagram results in Figure 1.4.e. This is the resulting band diagram and 

physical representation of the junction of the p and n-type semiconductor. This is the 

diagram in the dark, discussed next is what happens when this is illuminated. 
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Figure 1.5. (a,b) energy band diagram of p-n junction. The black circles are the 

constituent atoms, the red dots are free electrons, the black circles with blue dots in them 

are constituent atoms that have lost an electron and now have a positive charge, and this 

charge is known as a hole. The blue dots with thick black outlines are donor atoms that 

have been ionized which now have a positive charge. The blue circles with red dots in 

them are acceptor atoms that have accepted electrons and are now negatively charged. 

ED, EA, Ecbe, Evbe and EF are the energy levels of the donors, acceptors, conduction band 

edge, valence band edge and Fermi level. The bottom half of (a,b) is a two dimensional 

physical representations of the atoms in each of the junction. W is the depletion width and 

the widths WD and WA are the depletion widths on the donor and acceptor doped 

semiconductors. (a) is at the introduction of the first photon with energy equal to the band 

gap. This photon labeled hv is introduced into the junction which is labeled as arrow 1. 

The photon is absorbed by an electron and promoted to the conduction band this is 

labeled as arrow 2. The electron is then carried by the drift of the electric field into the n-

type side of the semiconductor labeled arrow 3. The hole created in the conduction band 

by step 2 is then combined with an electron from the valence band from the p-type side 

labeled arrow 4. This is also shown in (b) which is after the net movement of electrons is 

zero. (b) does not have a fermi level but two quasi fermi levels labeled EFn and EFp. 
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If the semiconductor has the appropriate properties, incident light upon the material 

is absorbed by electrons. If the energy of the light is equal to or greater than the conduction 

band, the electron absorbing the photon is promoted to or above the conduction band. This 

is shown in Figure 1.5.a. First light hits the material labeled by arrow 1. This is absorbed 

by an electron which is promoted to the conduction band as shown by arrow 2. This creates 

a hole in the valence band edge. The electron is then within the depletion region where the 

drift created by the field moves it to the n-type material labeled arrow 3. An electron in the 

p-type material can fall into the vacancy labeled arrow 4. It is common to think of this as 

holes moving into the p-type material. This same process is depicted underneath in the 

physical representation. Overall the light is giving the electrons the energy for promotion 

into the conduction band and the electric field moves and keeps them in the n-type side and 

electrons from the p-type side replenish the electrons in the depletion region. This unbends 

the bands as is depicted in Figure 1.5.b. This reaches a limit where it is no longer favorable 

to increase the concentration of electrons in the n-type and holes in the p-type. The resulting 

energy band and physical diagram is shown in Figure 1.5.b. This is no longer in 

equilibrium, so the Fermi level is not constant throughout the material. Here there is a 

quasi-Fermi level of electrons on the n-type side and quasi Fermi level of electrons in the 

p-type side labeled EFn and EFp. The difference in these two Fermi levels is the potential 

difference of the two sides of the semiconductor. The measurement of this difference when 

there is no external circuit is the open circuit photovoltage, Vph, the quantity of interest 

when it comes to pyrite as a photovoltaic. This is ideally only limited by the built-in voltage 

(Ψbi) and thermodynamic considerations. If the two sides of the junction are directly 
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electrically connected the current running through it is the short circuit current (Isc). In this 

case electrons can leave the n-type material externally and return to the p-type material so 

that there is no reversal of the band bending and no observed photovoltage. This is how 

common solar cells work and with advances through research pyrite could be used as the 

semiconductor material shown in the previous diagrams as a solar cell material. 

1.3 Pyrite as a solar cell material 

The realization of cost-competitive solar-to-electrical energy conversion will 

revolutionize a range of important issues spanning the environment to national security. 

Iron pyrite (FeS2) is a promising material component for solar-to-electrical energy 

conversion. On paper, pyrite is a clear winner in the search for an earth-abundant 

photovoltaic absorber because of its advantageous properties as an ideal component in 

multi-junction solar cells. Pyrite has an optical bandgap of 0.95 eV with an electronic 

bandgap of 0.80 eV,1 which result in theoretically high efficiencies.1,2 Pyrite crystallized 

from various synthetic routes have shown  high absorption coefficients (>6x105 for hv > 

1.3 eV), resulting in the need for very thin films <200nm for complete absorption.3,4 Pyrite 

has also shown photon to electron conversion efficiencies of over 90% resulting in the 

possibility of a majority of absorbed light resulting in electrical current.5,3,6,7 Elemental iron 

and sulfur are the 4th and 17th most abundant element in the earth’s crust.8 In 2014 there 

were 3,200 and 72.4 million metric tons of iron and sulfur mined globally.9 In 2014 the 

cost of iron and sulfur were each only 10 cents/kg.9 Considerations of extraction cost and 

theoretical power maximum have determined pyrite to have the theoretical ability to 

provide more than 10,000 times the annual worldwide power consumption.10 Pyrite is 
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nontoxic. These properties position pyrite as an ideal component in multi-junction solar 

cells.  

Furthermore, near unity (0.923) photon-to-electron conversion efficiency under 

intense illumination (4 – 5 W cm-2) has been reported for monocrystalline n-type FeS2 in 

contact with an aqueous solution containing an I3
-/I- redox couple.7  The reported charge-

carrier diffusion lengths (0.1 – 1 m) match the materials thickness required based on the 

extinction coefficient of FeS2. 
11-16 There is also some evidence that polycrystalline FeS2 

may be relevant for solar-to-electrical energy conversion.17 

Both single and polycrystalline samples of pyrite have been made into electrodes 

by contacting the crystal to a Ga-In alloy contacted to a wire with silver in an encased 

housing and having their photocurrents measured in a cell vs. Hg2SO4 in solutions of 4-5M 

KI against a range of monochromatized light in order to determine their quantum 

efficiencies which had values of up to over 90%.5,3,6,7 

1.3.1 Challenges for pyrite solar cells 

Despite all the favorable properties of pyrite, many challenges remain. All pyrite-

based photovoltaic and photoelectrochemical cells have exhibited low photovoltages (Vph 

< 200 mV). Thermodynamic considerations predict photovoltages of pyrite to be well over 

values experimentally published. The maximum Vph obtainable for a semiconductor is 

reduced by the temperature difference of the sun and the cell as well as entropic losses due 

to radiative recombination amounting to 315 mV at most. 2,11, 12,13 This results in the 

maximum Vph of pyrite being over 400 mV. However, nothing of this magnitude has been 

reported so far.  
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Polycrystalline thin films have been grown onto TiO2 utilizing metalorganic 

chemical vapor deposition (MOCVD) from iron pentacarbonyl and sulfur. These resulted 

in a Vph of 500 mV.14 This is higher than the theoretical limit for pyrite and as a result must 

be reflecting the performance of a contaminant phase, or corrosion of the FeS2 material. 

Single crystals grown with CVT and Br have been made into Schottky junctions with 

various metals and were able to produce almost 50 mV for their Vph.
15 Polycrystalline layers 

of As doped pyrite grown by CVT with Br from a precursor growth with iodine included 

have shown photoactivity. This was done in a 3 electrode setup containing an electrolyte 

consisting of 1M CaI2 and 0.05M I2 and resulted in a Vph of almost 80 mV.3 Synthetic FeS2 

was made into an electrode and also tested in a 3 electrode setup but with an electrolyte of 

3M KI and 0.01M I2 showing a Vph of about 200 mV.6 Another synthetic pyrite electrode 

in an electrolyte of 4M HI, 0.05 M I2 and 2M CaI2 have reached a Vph of 187 mV with a 

solar to electrical conversion efficiency of 2.8% (photon to electron conversion efficiency, 

PCE).4,16  

The Vph directly effects the PCE. The PCE is the ratio of power out of the cell to 

the power into the cell. The equation to determine electric power produced by a cell is 

shown below.  

 𝑃𝐶𝐸 =
𝑉𝑝ℎ∗𝐽𝑠𝑐∗𝐹𝐹

𝑃𝑖𝑛
 3 

Jsc is the short circuit current density, FF is the fill factor. Pin is the power of the light upon 

the cell and can be determined from the light source with a diode. To illustrate the effects 

of FF on the current-voltage characteristics of a photovoltaic cell, consider Figure 1.6.a.  
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Figure 1.6. Current-voltage (I-V) characteristics of a typical photovoltaic cell with a good 

fill factor (FF) (a) and typical I-V curve for a FeS2 I
-/I3

- cell (b) with lower FF values. 

Box A has the height of the short circuit current density (jsc) and the width of the 

photovoltage (Vph). At each point of the plot the product of the current and voltage is 

equal to the power that can be produced. Box B’s height and width are determined from 

the max power point. In (a) box B corresponds to a FF of 0.8. In (b) box B corresponds to 

a FF of 0.5. In (b) box C has a fill fact of 0.8. 

The figure is a current voltage (I-V) curve. The potential from one side of the 

junction to the other is altered while the current is measured. In this case this is done while 

light is shining onto the cell. There are two different boxes in the figure, A and B. Box A’s 

height is equal to the short circuit current density. This is the current when Vph is zero. Box 

A’s width is equal to the open circuit photovoltage, the photovoltage when jsc is zero. The 

product of the photovoltage and the photocurrent at each point on the curve produce a 

power. Plotting the power against the photovoltage result in a power curve. The point at 

which the maximum power is produced by a solar cell is called the maximum power point 



18 

 

(MPP). Box B’s height is the photocurrent at this point and its width is the photovoltage at 

this point. FF is the ratio of the area of box B to the area of box A.  

The FF is known to be affected by both series and shunt resistance (Rser and Rsh). 

Rser is the resistance of the series of elements in the circuit. These include the resistance of 

the materials of the cell (the semiconductor and the metal carrying the current to and from 

the semiconductor), and the contacts of the cell (contact between metal and 

semiconductor). A high Rser can lower the photocurrent and can result in a linear shape of 

the current-voltage response of a solar cell. Rser does not affect the open circuit 

photovoltage value. Rsh is the resistance of shunts. Shunts are electric pathways connecting 

the p and n-type semiconductors other than the depletion region. A low shunt resistance 

means that electrons can continue to travel from the n-type to the p-type without being 

stopped by the drift of the electric field created by the depletion region. This means that 

they are limited in their accumulation onto the n-type side of the junction and result in a 

diminishing of the band bending at the junction and lower Ψbi which in turn lowers Vph. 

The shunts to the junction do not affect the short circuit current.  

Figure 1.6.a. represents an idealized I-V response of a cell with a high FF, about 

0.8. Figure 1.6.b. is representative of pyrite based photovoltaic device. The FF for pyrite 

is lower, about 0.5. As shown in equation 3, with a higher Vph, Jsc, and FF the PCE is 

higher. The experimental values for Jsc measured for pyrite devices are high. Increasing the 

value of FF from 0.5 to the realistically attainable value of 0.8 would increase the PCE by 

66%. Box C in Figure 1.6.b. represents the FF at 0.8 for the same open circuit photovoltage 

and short circuit current. The largest gain would be in the open circuit photovoltage. This 
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is currently around 187mV and can theoretically get past 400 mV. Doing so would result 

in more than doubling the PCE! This is the parameter in need of research focus.  

It is reasonable that before making a p-n junction device, the semiconductor 

material itself and its p- and n-type doped forms need to be characterized to allow for better 

understanding of the charge involving processes. This is typically done by making a similar 

junction with either metals (Schottky junction) or with redox containing liquid solutions. 

Each of these have their own advantages and have been used to characterize pyrite. The 

details of these junctions are discussed next. 
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Figure 1.7 Energy diagram of an n-type semiconductor in an electrolyte solution (a) at 0 

K and (b) at room temperature. The bottom half of both (a) and (b) are two dimensional 

physical representations of the atoms in each of the materials. The black circles are the 

constituent atoms of the material. The red circles are donor atoms. ED, Ecbe, Evbe, EF, and 

E(A/A-) are the energy levels of the donors, conduction and valence band edges, the 

Fermi level, and the solution potential. The atoms are labeled in the same way in b with 

the addition of free electrons as red dots, ionized constituent atoms as black circles with 

blue dots in them. Ionized donor atoms as blue dots with a black rim. 

As shown in Figure 1.7.a. the energy diagram of an n-type semiconductor separated 

from an electrolyte solution looks like the p-n junction. In this case at 0 K and room 

temperature this would look the same as it had in the p-n junction in Figure 1.2.a. The p 

side is replaced with an electrolyte solution whose potential is determined by the standard 

potential of the redox couple and the concentration of each species according to the Nernst 

equation: 
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 𝐸(𝐴/𝐴−) = 𝐸°(𝐴/𝐴−) +
𝑘𝑇

𝑛𝑒
𝑙𝑛

[𝐴]

[𝐴−]
 4 

Where E(A/A-) is the solution potential, E°(A/A-) is the standard redox potential, k is the 

Boltzmann constant, T is temperature, ne is the stoichiometric number of electrons involved 

in the redox reaction, [A] is the concentration of oxidized species and [A-] is the 

concentration of reduced species. The solution can accept electrons by reducing the 

oxidized species and donates electrons by oxidizing the reduced species. This is a great 

tool as different electrolyte couples have different standard redox potentials and by 

changing the concentration of oxidized and reduced species the solution potential can be 

fine-tuned. Metals can also be used to make a junction and instead of the solution potential 

the work function of the metal would determine its energy level. The initial diagram of the 

solution contact with a barrier present is shown in Figure 1.7.a. Figure 1.7.a is at 0 K and 

Figure 1.7.b at room temperature. At room temperature the electrons from the donor atoms 

are promoted into the conduction leaving behind a positive charge. 
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Figure 1.8 Energy diagram of an n-type semiconductor in an electrolyte solution. (a) is 

right after the barrier between the two is removed. The black circles are the constituent 

atoms of the material. The red dots are free electrons. The black circles with blue dots in 

them are ionized constituent atoms. The blue dots with thick black rims are ionized donor 

atoms. ED, Ecbe, Evbe, EF, and E(A/A-) are the energy levels of the donors, conduction and 

valence band edges, the Fermi level, and the solution potential. The atoms are labeled in 

the same way in (b) (b) is at equilibrium when the electrons from the n-type 

semiconductor are no longer able to move into the solution due to the buildup of the 

electric field at the junction. The bottom half of both (a) and (b) are two dimensional 

physical representations of the atoms in each of the materials. 

Upon removal of the barrier, electrons of a more negative energy move from the n-

type semiconductor into the solution as shown in Figure 1.8.a. The electrons then reduce 

the oxidized species of the electrolyte solution. Similar to the p-n junction, the n-type 
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semiconductor losing electrons leaves a positive charge on the donor atoms. Balancing this 

charge is the reduced species of the redox couple which is attracted to the positive charge 

of the donor atoms and remain at the junction surface. This creates a field similarly to the 

p-n junction, however in this case all the field is in the semiconductor. The resulting energy 

band diagram is shown in Figure 1.8.b. The width of this depletion region is now 

determined by the difference of the electrochemical potential of the semiconductor and the 

solution (Fermi level and redox potential) and donor concentration ND. The Fermi level of 

the semiconductor is determined by identity and its doping and the electrochemical 

potential of the solution is determined by its identity and the concentration of reduced and 

oxidized species according to the Nernst equation. The ability to change the solution 

potential allows for the largest built in potential, which maximizes Vph. 
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Figure 1.9 Energy diagram of an n-type semiconductor in an electrolyte solution. The 

black circles are the constituent atoms of the material. The red dots are free electrons. 

The black circles with blue dots in them are ionized constituent atoms. The blue dots with 

thick black rims are ionized donor atoms. ED, Ecbe, Evbe, EF, E(A/A-), EFn and EFp are the 

energy levels of the donors, conduction and valence band edges, the Fermi level, the 

solution potential, the quasi Fermi level of electrons, and the quasi Fermi level of holes. 

(a) is at the introduction of the first photon with energy equal to the band gap. This 

photon labeled hv is introduced into the junction which is labeled as 1. The photon is 

absorbed by an electron and promoted to the conduction band this is labeled as 2. The 

electron is then carried by the drift of the electric field into the n-type side of the 

semiconductor labeled 3. The hole created in the conduction band by step 2 is then 

combined with an electron from the valence band from the p-type side labeled 4. This is 

also shown in (b) which is after the net movement of electrons is zero.  

In a similar fashion to the p-n junction light hits the semiconductor and promotes 

electrons into the conduction band which are separated from the depletion region further 
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into the semiconductor by the electric field. This reaches a limit for where the potential 

difference of the quasi Fermi levels is the measured open circuit photovoltage. This is 

shown in Figure 1.9. The ability to use this method can be greatly affected by Fermi level 

pinning which is a common scapegoat for low pyrite Vph. 

1.3.1.1 Fermi level pinning 

The band structure of semiconductors results from the periodicity of the lattice as 

explained in section 1.2. At the surface the lattice ends. It is reasonable to believe that the 

resulting electronic structure on the surface of the semiconductor is different form the bulk. 

If the resulting surface structure has energy levels that are within the bandgap it could form 

a junction with the bulk. Typical doping of a semiconductor introduces the dopant at 

concentrations around 1018 cm-3. When the material is of a density of 1022 cm-3 the dopant 

density is small enough that each dopant is far enough apart that it does not form a band 

with other dopant atoms but lies at a single energy level. The surface is of a greater density 

and result is the formation of a band.  

 

 



26 

 

 
Figure 1.10 Formation of depletion region due to metallic band surface states. (a) at 0 K, 

(b) after equilibrium, (c) depletion region formation. Red circles are dopant atoms, blue 

circles are acceptors. Red dots are free electrons, blue dots with black rims are ionized 

donor atoms, red dot with blue rims are ionized acceptor atoms. Ecbe, ED, EF, Evbe, E0 are 

the energy levels of the conduction band edge, donor atoms, fermi level, valence band 

edge and charge neutrality.  

If this band resembles a metal, then it is only partially filled, and the Fermi level is 

within the band. The level to which it is filled is known as the charge neutral level E0. The 

energy states below this level belong to atoms which behave as donors, when they are filled 

they are neutral but when missing an electron, they are positively charged. The energy 

levels above E0 act as acceptors, when they are empty they are neutral and when an electron 

occupies them they have a negative charge. If this level is at a more positive level than the 

Fermi level of the bulk of the semiconductor then electrons from the semiconductor occupy 

the acceptor levels above E0. This process creates a depletion region resulting in the 

formation of an electric field, as it is shown in Figure 1.10.  
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Figure 1.11 Energy diagram of junction of n-type material and its surface layer. (a) at 

equilibrium, (b) first incident photon, (c) at the limit of charge separation. Red circles are 

dopant atoms, blue circles are acceptors. Red dots are free electrons, blue dots with black 

rims are ionized donor atoms, red dot with blue rims are ionized acceptor atoms. Ecbe, ED, 

EF, Evbe, E0 are the energy levels of the conduction band edge, donor atoms, fermi level, 

valence band edge and charge neutrality. (b) is at the introduction of the first photon with 

energy equal to the band gap. This photon labeled hv is introduced into the junction 

which is labeled as 1. The photon is absorbed by an electron and promoted to the 

conduction band this is labeled as 2. The electron is then carried by the drift of the 

electric field into the n-type side of the semiconductor labeled 3. The hole created in the 

conduction band by step 2 is then combined with an electron from the valence band from 

the p-type side labeled 4. This is also shown in (c) which is after the net movement of 

electrons is zero.  

Figure 1.11.a shows the energy band diagram of the bulk and surface of a n-type 

semiconductor that has formed a depletion region. The built-in voltage is determined by 

the junction of the bulk and the surface. It does not matter what the potential is of the 

electrolyte solution contacting the surface, the photovoltage will be a result of this junction. 

The equation for the charge on the surface states is: 

 𝑄𝑠𝑠 = −𝑞𝐷𝑖𝑡(𝐸𝐹 − 𝐸0) 5 

Where q is the elementary charge, Dit is the density of interface states, EF is the Fermi level 

and E0 is the charge neutral level. The equation for the charge in the depletion region is: 
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 𝑄𝑠𝑐 = 𝑞𝑁𝐷𝑊𝐷 6 

Where ND is the donor concentration and WD is the depletion width. For this surface the 

charges are equal:  

 𝑞𝑁𝐷𝑊𝐷 = −𝑞𝐷𝑖𝑡(𝐸𝐹 − 𝐸0) 7 

For an n-type semiconductor of constant dopant concentration and depletion width, an 

increase in the density of interface states decreases the difference of the energy of the Fermi 

level and the charge neutral level. With the density of interface states reaching infinity the 

difference of the two energies is zero. This is how the Fermi level is pinned to the charge 

neutral level. The higher the density of surface states the more severe the pinning. This is 

one of the most common phenomenon that is blamed for the poor photovoltage of pyrite. 

However, both bulk and surface defects are implicated in limiting the Vph. 

1.3.1.2 Surface defects 

The surface acts as the gateway for electrons to transport to and from pyrite. If the 

surface is covered in defects that have a work function or Fermi level relatively close to 

the Fermi level of pyrite they will limit the pyrite’s band bending which is directly 

correlated to the Vph. A Pt/FeS2 interface was determined to have Fermi level pinning from 

mid-gap states which probably arrive due to a sulfur vacancy.15 Synthetic pyrite in an 

electrochemical cell utilizing different redox solutions gave rise to the same photovoltage 

indicating that the band bending is due to the interface of pyrite with something other than 

the redox species and is most likely pinning due to the defect surface states of pyrite.17 XPS 

has been used to create a ligand field model describing the creation of states on the surface 

created by altering the symmetry of pyrite from Oh to C4v at the surface. This new surface 
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layer pins the Fermi level.18 Measured temperature dependent surface photovoltages 

determined that modeling of the charge carrier dynamics at the surface could only be 

explained with mid-gap states pinning the Fermi level.19 DFT calculation showing a 

cleaving of pyrite leaving the Fe-S bond at the surface creating a new states leading to 

Fermi level pinning.20 STM together with DFT calculations predict that surface defects of 

sulfur or iron vacancies induce states within the bandgap pinning the Fermi level.21 A high 

density of surface states revealed by a gated hall effect technique is the blame for Fermi 

level pinning.22 Defects on the surface of both polished and cleaved surfaces imply that the 

same defects affecting the surface could affect the bulk and should be considered 

problematic.23 Calculation efforts towards determining crystal defects and impurities found 

that iron and sulfur vacancies have large formation enthalpies and induce defect states with 

high ionization energies (>0.3 eV) which cannot provide enough free carrier density in 

pyrite. 24 

The photoactivity of pyrite has been improved by surface treatments. Acids have 

been used successfully but they tend to dissolve pyrite although this has been shown to 

depends on the pH of the solution.23,25 The corrosion of the surface has been reduced by 

layers formed from silanes and humic acids or by halogens and coordinating groups.26–29 

Both bulk19,30 and surface1,22 chemistry are thought to limit the photovoltaic 

performance of FeS2 absorbers; mid-gap states and band-edge tail states both generally 

affect observed photovoltages.18,22,31,32 Furthermore, scanning tunneling spectroscopy 

results have shown that the surface bandgap is significantly lower than the bulk band gap 

(0.4 ± 0.1 eV).21 Recent DFT-GGA calculations have shown that the bandgap of an FeS2 
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monolayer decreases to 0.73 eV.33  However, it is not well understood how surface 

chemistry is connected to observed photovoltaic figures of merit, including photovoltages, 

even though it is well known that surface chemical treatments do affect 

photoelectrochemical response. 

1.3.1.3 Bulk defects 

Many of the literature references blame not only surface defects but bulk as well 

for the low photovoltage of pyrite. A variety of techniques were used to show that the 

acceptor states at the surface of pyrite pin the Fermi level to the surface near the valence 

band as was previously described but that this was not the main cause of the low 

photovoltage, the bulk ionization of deep donor states was the determined scapegoat.30 

Bulk defects limit the Vph by creating defect states within the bandgap that serve as 

intermediate steps for holes to populate through thermal conduction allowing non-radiative 

recombination with electrons stopping them from contributing to the Vph. Because 

hydrogen can enter the interior of pyrite, the bulk can also be considered as an area 

improvable by hydrogen insertion. The insertion of hydrogen changes FeS centers with 

dangling bonds that serve as recombination centers within the bandgap into FeSH.34,28 

1.3.2 Moving forward 

Surface and bulk defects are thought to limit photovoltage. The overall challenge 

is to modify pyrite bulk and surface and determine if there is a change to its photovoltage. 

This challenge is met by the thesis of this work: Pyrite’s growth method and surface 

modification can be correlated to its photoelectrochemistry. Specifically: 1) FeS2 can be 

grown by liquid phase epitaxy onto natural and synthetic substrates. This would result in a 
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different thin film of synthetic pyrite. All attempts to grow thin films of pyrite that are not 

homoepitaxial have resulted in the creation of thin films made of many small crystals. The 

properties of these films have been dominated by the surfaces of the small crystals as 

opposed to the bulk film. Therefore, it is necessary to make a thin film of one crystal so 

that there is only one surface that can be modified and correlated to photovoltage. 

Modifying the surface of the top of a polycrystalline film may still reflect a photovoltage 

that suffers the effects of the surfaces of the crystals in the bulk beneath the surface. A 

homoepitaxial growth does not include the surface defects from the polycrystalline films 

within the bulk. 2) The photovoltaic properties of liquid phase epitaxial growth are 

substrate dependent, a higher quality substrate will result in a higher photovoltage. 3) The 

photovoltage of pyrite may be explained by the thickness of the inversion layer on the 

surface resulting from its surface treatment. The explanation for the low photovoltage of 

pyrite involves Fermi level pinning and a deep donor so that there is very thin depletion 

region at the surface which allows electrons to tunnel across and limit the photovoltage. 

The thickening of this surface layer limits the tunneling so that the photovoltage is limited 

to the junction of the surface layer and the bulk and not from the bulk to the solution 

junction.   
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2 Crystalline growth of synthetic pyrite onto a natural substrate 

 

A review of the literature of different pyrite growth methods is required before 

selecting an appropriate growth technique. The method of growth must aim to limit the 

sulfur vacancies in the material by providing a high activity of sulfur throughout the 

growth. This can be done by including an excess of sulfur to create a sulfur rich growth 

environment. A specific set of instructions for said growth must then be determined and 

carried out. Confirmation of the epilayer is of high significance. Once this is complete the 

measurement of the photovoltage is conducted to assess if it has changed due to the growth. 

2.1 Introduction 

 

2.1.1 The challenges of pyrite synthesis 

Sulfur vacancies have emerged as the most pressing chemical challenge limiting 

Vph of pyrite. This is the case for both the surface and the bulk of pyrite. The proposed 

growth method utilizes a significantly higher S activity than that of sulfur in the chemical 

vapor transport (CVT) technique used to crystalize pyrite that has shown photoactivity. 

High sulfur activity meaning the scientific term of a high effective concentration, in this 

case provided by an excess of sulfur. The CVT technique does not include excess sulfur 

because doing so decreases the transport rate of species whereas pyrite will crystalize in a 

melt containing excess sulfur which only affects the amount of FeS2 able to dissolve.15,35,36  

The central hypothesis is that FeS2 grown in Te/S melts will have a low density of 

S defects improving photovoltaic properties. Pyrite will dissolve into pure Te as well as 

Te/S mixtures. Inconclusive evidence suggesting homoepitaxial FeS2 growth has been 
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reported.37 Single-crystal FeS2 grown in a Te melt were highly resistive compared to 

samples grown via other methods,38 suggesting more pure crystals, however their 

photovoltaic performance was never investigated. 

Conclusive evidence of Volmer-Weber type (island) growth has already been 

demonstrated from cooling tellurium melts under high sulfur pressure containing dissolved 

pyrite. Strong evidence of Stranski-Krastnov type (layer then island) homoepitaxial growth 

of FeS2 has already been obtained with the same procedure. Pyrite has not been grown 

epitaxially or modified in any way to overcome a 200 mV Vph. The outcome of this research 

is potentially transformational because it has the possibility of improving the Vph for pyrite 

into a level previously unreached, while providing direct evidence for epitaxial growth of 

pyrite for the first time. 

Ideally FeS2 would be grown in molten S to, as much as possible, limit sulfur 

vacancy formation. These sulfur vacancies in the surface or bulk are blamed for the low 

Vph. Therefore, a high sulfur activity is necessary in a melt when crystallizing pure pyrite. 

There are no species that consist of only iron and sulfur that have a larger stoichiometric 

amount of sulfur than FeS2, therefore excess sulfur is not problematic to pyrite formation. 

Unfortunately, iron does not dissolve in sulfur. Iron and pyrite do both dissolve into liquid 

tellurium. Tellurium melts at 550 ºC and sulfur is a gas at this temperature, however a high 

enough sulfur atmosphere can keep the sulfur activity high in the melt. At this point pyrite 

is the thermodynamically favored species over marcasite (FeS2) and troilite (FeS) at high 

sulfur activities.39 FeS2 is also favored over Fe/Te species under these condictions.40 
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Growing pyrite in Te with sulfur is a reasonable melt to result in a high enough sulfur 

activity to limit vacancies and defects in the crystals. 

Crystal growths utilizing Te/S melts have resulted in the crystallization of pyrite. 

A two-zone furnace technique has been used in which the resulting crystals have not had 

high impurities reported. In one case ICP-MS was used to report 155 ppm Cu, 20 ppm Ni, 

10 ppm Cr and 3.2% Te.38 These crystals had a high resistivity which indicate that the 

crystals were of higher purity relative to natural samples and other synthetic pyrite. A 

similar study utilizing ICP-MS reported 10 ppm Cr and 20 ppm Ni in their pyrite.41 A single 

furnace method has also been used in an attempt to homoepitaxially grow pyrite onto a 

natural substrate. The thickness of the growth layer was reported to be 10-50 µm, however 

no description of their method was given to obtain these values, and the proposed epitaxial 

layer was not characterized beyond “optical identification”.37 None of these crystals have 

had their photovoltaic performance evaluated and published. This has left a knowledge gap 

pertaining to the ability of Te/S melt grown pyrite to produce a Vph and the investigation 

as to why or why they do not. 

The high temperature solution growth can provide a high activity of sulfur 

throughout the growth process. Moving further this will be the method used for pyrite 

growth. 

2.2 Experimental 

 

2.2.1 Materials 

All chemicals were used as received unless noted otherwise. Fe(CO)5 (99.5%, 

Arcos) and sulfur (99.999%, Alfa Aesar) were received from VWR. Xylenes (98.0%, 
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Arcos), HCl (aq) (37.4%, Fisher), and HNO3 (69.3%, Fisher) were received from Fisher 

Scientific. Quartz tubing was received from GM Associates. Sulfur (Alfa Aesar 99.999%), 

and iron (99.99%) were received from VWR. Quartz tubing was received from GM 

Associates. Single cube pyrite samples were natural and purchased from The Fossil Cartel. 

Tellurium (Sigma 99.999%) was received from Sigma Aldrich. KOH (88%, Fisher) was 

received from Fisher Scientific. Ethylenediamine (>98%), ethanethiol (>98.0%) were 

received from VWR. Sulfur-34 (99.87%) was from Cambridge isotopes. Concentrated 

sulfuric acid (ACS grade), ferrocene (98%), and ferrocenium tetrafluoroborate (technical 

grade), potassium iodide (99%), iodine (>99.8%) and cobaltocene (Cp2Co, %) were 

purchased from Sigma-Aldrich. Cobaltocenium hexafluorophosphate (Cp2CoPF6, 

>95.0%(T)) was purchased from TCI America. Acetonitrile (>99.8%, anhydrous) was 

purchased from EMD. Lithium perchlorate (99.99%, anhydrous) was purchased from 

VWR. Ferrocene was purified by sublimation. All chemicals except sulfuric acid were 

stored in a nitrogen-filled glovebox (LABstar MBRAUN, less than 0.5 ppm O2 and H2O).  

2.2.2 Instrumentation 

XRD (X-ray diffraction) patterns were collected with a Rigaku Ultima-IV X-ray 

diffractometer utilizing Cu Kα radiation. SEM (scanning electron microscopy) images 

were captured with a FEI Sirion SEM operating at 5 keV at 5 mm. Raman spectra were 

collected with a Horiba LabRam HR Evolution microscope using a 532 nm diode laser at 

20 mW with a 50x objective, 1800 gr/mm and LabSpec 6 software. TEM samples were 

prepared with a FEI Strata 237 Dual Beam FIB (focused ion beam) and images captured 

with a FEI Tecnai TEM/STEM. A Gamry Reference 600 potentiostat was used for I-V 
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measurements. SIMS (secondary ion mass spectrometry) depth profiles were obtained with 

an Ion ToF-SIMS IV (time of flight secondary ion mass spectrometry). A beam of gallium 

ions was used to remove material form the surface and a beam of cesium ions was used as 

the primary ion. Profilometry was done with a Veeco Dektak 150 XT profilometer.  

2.2.3 Method of pyrite crystallization with HTSG 

The growth of pyrite was done with a high temperature solution grown in a Te/S 

melt. This included preparing a substrate to grow onto. A precursor was also synthesized 

as the source of the pyrite that would form the epilayer. The precursor and melt contents 

were then combined in the growth chamber followed by the substrate. This was then heated 

to homogenize the melt. The substrate was then introduced into the melt and then it was all 

cooled so that the dissolved precursor could crystalize onto the surface of the substrate. 

The substrate was then removed from the melt and cooled to room temperature. At this 

point the solidified melt was removed. The details of these experiments are described in 

more detail in the following text.  

2.2.4 Precursor Growth for HTSG 

The individual building blocks of pyrite must assemble before utilizing the Te/S 

melt technique to form large single crystals whether they are standalone or part of an 

epitaxial layer. There are many factors to consider when deciding on a method for making 

a pyrite precursor. Many forms of FeS1-2 are stable. Two of those forms are both FeS2. One 

is marcasite and the other our desired product pyrite. The two differ by their crystal 

structures. Fortunately, pyrite is more thermodynamically favorable across all 

temperatures39 and can be converted from marcasite with thermal annealing in a sulfur 
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atmosphere. However, the transformation from FeS to FeS2 is not as convenient. The 

diffusion of S through FeS is very slow,42 therefore it is important to avoid agglomerations 

of FeS. Two different methods for producing pyrite have been utilized. The first method 

selected is a synthesis of pyrite from Fe(CO)5 and sulfur in m-xylene. This provides Fe in 

the state of a liquid with each atom initially accessible by sulfur. With a high sulfur activity 

in the solution the chances for FeS2 instead of FeS should be increased. This method has 

also been used to make precursor pyrite that was then recrystallized with CVT to make 

photoactive crystals.43 The second is the sulfur annealing of iron. This provides a method 

where only the constituent atoms are involved. Sulfur annealing of iron is a very popular 

method of synthesizing pyrite. Here elemental pieces of iron are sulfurized but it is also 

popular to sulfurize iron that has been made into a film by magnetron sputtering44–55, flash 

evaporation56–62, and thermal evaporation63–70. These films were all polycrystalline. 

2.2.4.1 Synthesis of pyrite from Iron Pentacarbonyl 

For the purposes of avoiding the formation of iron oxides, the synthesis and the 

components involved are kept under vacuum or under a nitrogen atmosphere either in a 

glovebox with <0.5 ppm O2 and H2O or in an atmosphere controlled by a Schlenk line. 

Prior to the reaction, the glassware used is cleaned with fresh aqua regia to rid of trace 

contaminants. To obtain an initially high sulfur activity sulfur is dissolved into m-xylene. 

The system is magnetically stirred as well as heated to encourage dissolution of the sulfur. 

Fe(CO)5 is then added to the solution. The molar ratio of the sulfur dissolved in m-xylene 

to the Fe(CO)5 is over 2 which is not problematic as FeS2 has the highest S to Fe ratio of 

the iron sulfur containing compounds. When this happens, the solution goes from slightly 
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yellow to black very quickly as the sulfur and iron react. The solution is left alone for 1-2 

hours to encourage a complete reaction. The heat applied is then reduced and a needle and 

syringe are used to remove as much solvent as possible. A vacuum line with a liquid N2 

trap are then used to remove and trap the remaining solvent. The resulting powder is then 

transferred into the nitrogen atmosphere glovebox.  

Again, in an oxygen rich environment, iron oxide formation is favorable due to the 

decomposition of pyrite and the stability of iron oxides. It is imperative to get rid of as 

much oxygen as possible prior to exposure to high temperatures. To do this a diffusion 

pump was assembled to evacuate the atmosphere to get rid any residual oxygen as well as 

to alleviate the increased pressure at high temperatures. The encasing for the annealing 

needed to be made from something that has a low vapor pressure as well as being strong 

enough to withstand the vacuum and high-pressure levels at elevated temperatures. Quartz 

is a material that fits these requirements. It is also relatively easy to manipulate into the 

desired form and is transparent to light allowing for visual inspection. To obtain a usable 

vessel, quartz glass was modified with an oxygen/methane torch to the desired geometry 

to create ampoules for use in sulfur annealing. All the quartz modification was done in 

house. Quartz tubes were fashioned into a small and a large test tubes. The smaller tube 

had a small lip at its open side large enough to exceed the inner diameter of the larger tube. 

The tubes were flame polished and transported into the glovebox where the larger tube was 

loaded with FeSx and S. The smaller test tube was then placed into the larger. Next the 

larger tube was connected to the diffusion pump where it is then evacuated to <5x10-7 torr 
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and flame sealed to keep the ampoule atmosphere isolated. The ampoule was then placed 

in an oven and heated to 600 ºC for 12 h.  

2.2.4.2 Sulfur annealing iron into pyrite 

Although the diffusion of S through Fe is slow, Fe can be annealed in a sulfur 

atmosphere to convert iron to pyrite. This was used here to determine if there was an 

advantage of using pyrite made from iron pentacarbonyl. 

In a glovebox approximately 0.6 g (0.01 mol) of iron pieces were placed into an 

alumina crucible which was then placed into a flame polished quartz-glass ampoule 14 mm 

ID, 150 mm l with (0.04 mol) of sulfur. The ampoule was then connected to a vacuum 

chamber adapter with a valve closing off the exterior port. The valve was then shut. This 

was then removed from the glovebox and immediately connected to the vacuum system 

which was then turned on and the valve opened to the vacuum. Once the pressure reached 

5x10-7 torr the ampoule was flame sealed with an oxygen/methane torch while the end 

containing the reactants was immersed in an ice-water bath to prevent removal through 

evaporation and evacuation. The ampoule was then put into an oven which was then heated 

to 600 °C and remained at that temperature for 12 h. It then cooled in the oven to room 

temperature. The ampoule was then transported into the glovebox where the powder could 

be ground up in a mortar and pestle to ensure complete conversion to pyrite. While grinding 

after the initial annealing it was noticed that there were still large hard pieces of iron. This 

indicates that the sulfur had not diffused completely into the iron to fully convert it into 

pyrite. This process is expected to be slow and a second annealing is not uncommon. The 

process was repeated with the sulfur annealed iron in place of iron.  
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2.2.5 Substrate for HTSG Preparation 

Epitaxial growth means that the crystal structure of the substrate continues through 

to the grown layer. If there is a mismatch between the lattice constant of the two layers 

there will be a strain between them, if this strain is large enough one of the layers will start 

to break apart. This makes it difficult to grow heteroepitaxial films. This is especially 

difficult with the current method of growth that takes place between 550 and 650 °C. The 

thermal expansion coefficient is different between two materials. This can vary the stress 

between the two layers so that there is less stress during the growth and more at room 

temperature where the epilayer undergoes stress related damage. In all the published 

literature there is no evidence of heteroepitaxial growth of pyrite. One group was close to 

growing epitaxial layers on silicon but there was an oxide layer between the substrate and 

the over-layer.71 In all other cases the layer of crystals grown onto substrates results in a 

polycrystalline film.3 If any of these were analyzed to determine their n- or p-type character 

they were found to be p-type47,60,61,67,72–79 unless doping was involved.3,57–59,69,70,80–82 Single 

crystals of pyrite have always been shown to be n-type1,5,21,30,28,83–96 unless doping was 

involved35,38,97–100. Therefore, the polycrystalline layers must be dominated by the p-type 

surfaces and not their bulk properties. The goal here is to try and grow bulk films, not 

polycrystalline layers. This growth is also in a harsh environment. There is a high sulfur 

activity which can react to produce sulfides which also narrows choices for a substrate. 

Luckily pyrite forms into the shape of a large cube with each side being a 100 face. This 

should not undergo stress on the surface as the materials are the same and have the same 

expansion coefficient and lattice constant.  
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The substrate used for growth started off as a large cube of natural pyrite with an 

edge length of around 1.5 cm. All sides were polished with a sequence of diamond lapping 

films in decreasing roughness with water as a lubricant leaving a mirror like finish. One of 

the sides of the cube was then removed with a slow cutting saw so that the thickness of the 

pyrite was around 2 mm. The unpolished side of the slide was then polished in the same 

fashion as the cube. The slide was then sonicated in ethanol for fifteen minutes and then 

rinsed with water and blown dry with nitrogen. A cartoon for this is shown in Figure 2.1. 

 
Figure 2.1: Substrate preparation. First the cube is polished on all six sides. Then one of 

the sides is cut producing a slide of 2mm thickness. Then the backside of the slide is 

polished. 

2.2.6 High Temperature Solution Growth 

 

2.2.6.1 Crystallization 

The homoepitaxial crystallization of the synthetic pyrite onto a natural substrate 

was accomplished similarly to the sulfur annealing of the pyrite powder. In the glovebox, 

Te was added to an hourglass-shaped quartz-glass ampoule. The ampoule and its contents 
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are illustrated below in Figure 2.2. This purpose of the hour glass is to have an initial 

separation of the substrate from the solution. FeS2 powder and S were added. The amount 

of these three components making up the melt was tested in a similar fashion before 

addition of the substrate to ensure that all the FeS2 synthetic powder would dissolve. The 

ampoule was connected to the previously mentioned valve, removed from the glovebox, 

connected to the vacuum system, evacuated to >5x10-7 torr, and flame sealed. The proposed 

temperature regime for cooling of the melt for crystallization is 650-550 ºC. Opening an 

oven at 650 ºC to manipulate a highly pressurized quartz tube is dangerous. Ideally the 

ampoule would be able to flip by itself, or in an automated fashion. However, this is not 

necessary for preliminary studies. The ampoule was placed upright into an in oven spinning 

apparatus. The oven was then heated to 650 °C over an hour. At this time the stirring was 

started, and the oven remained at temp for 6 hours. At that time the oven was opened, and 

the ampoule was removed from the spinning apparatus and inverted so that the slide was 

then immersed in the melt. The oven was then closed and cooled to 550 °C over 5 h. At 

550 the oven was opened, and the ampoule inverted so the slide was no longer with the 

melt. The ampoule was then left to cool to room temperature with the oven off. 

This ampoule was flipped upside down so that the melt covered the substrate once 

homogenization was complete. When the temperature of the oven had cooled to 550 ºC the 

ampoule was then returned to its original orientation so that the substrate was no longer 

immersed in the melt.  This process is illustrated in Figure 2.2. 
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Figure 2.2: Homoeptiaxial layer growth: (a) assembling of the ampoule, tellurium, 

synthetic pyrite powder, sulfur and a prepared substrate are loaded into a quartz ampoule. 

The ampoule is then evacuated to 5x10-7 torr and sealed with a torch. (b) the ampoule is 

heated to 650 °C where it remains for 12 hours. (c) the ampoule is then inverted so that 

the melt is covering the substrate and is then cooled to 550 °C at a rate of 1/3 °C/h. (e) the 

ampoule is inverted again to remove the melt from the substrate. 

2.2.6.2 Removal of solidified Te/S melt 

After the growth there is a layer of solidified melt left on the substrate. Different 

methods were investigated to remove this melt without also removing pyrite. The first was 

simply centrifuging the ampoule directly after it had reached 550 °C so that the melt was 

still liquid. This was successful in removing large agglomerates of tellurium, but a visible 

layer remained on the surface. Aqua regia (4:1::concentrated HCl:concentrated HNO3 by 

volume) was used to remove the tellurium. The rate at which tellurium was removed was 

faster than pyrite but not fast enough that the pyrite was left completely intact. This was 

confirmed by visual inspection of the pyrite surface. The Pourbaix diagram of tellurium 

shows that oxidizing tellurium is a way of dissolving it without forming hydrogen telluride 

(H2Te) a toxic gas with an unpleasant smell. An attempt was made to determine the anodic 

potential to apply the substrate while immersed in an alkali solution to remove the tellurium 
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without removing pyrite. The slide was etched in a solution of 4.24 M KOH with a potential 

of +0.2 V applied to remove the Te layer. This left the surface less damaged than the aqua 

regia however it was still affected. The most successful method was using a mixture of 

ethylenediamine and ethanethiol in a ratio of 1:4 as described by Webber.101 After 

introducing the slide to the solution the liquid started to darken as tellurium dissolved and 

the solution became very dark. This was repeated until the solution no longer changed color 

indicating that all the tellurium was removed from the slide.  

2.2.6.3 TEM preparation 

Transmission electron microscopy (TEM) allows for a high magnification of a cross 

section of a material. This technique could provide evidence of the boundary of the 

substrate and the grown islands. TEM is a technique like SEM. The difference is that 

instead of analyzing backscattered or secondary electrons that are coming from the incident 

surface, electrons that are transmitting through the sample are analyzed. The resolution of 

this technique allows magnification down to the atomic scale. This requires that the sample 

thickness to be around 100 nm. To do this a lamella must be created and then removed 

from the sample. This can be done with a dual beam system. One beam used to remove 

material, and the other one to deposit a conductive material to make contact of a probe to 

the lamella. The process for this is illustrated in Figure 2.3.  
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Figure 2.3: Diagram for TEM sample preparation. Brown indicates the substrate (natural 

pyrite) and orange indicates the synthetic growth layer. First the epilayer is grown onto 

the natural substrate. Then FIB is used to mill out the area on the edge of one of the 

growths. Then the lamella is attached to a probe and removed from the sample. 

Figure 2.3 depicts the process for producing a lamella out of the pyrite growth. First 

the HTSG is conducted onto a natural substrate. The natural substrate is shown in brown 

and the synthetic layer is above it in orange. The cartoon also has one of the island like 

features as shown on the SEM images. The ion beam of the FIB is used to remove material 

and create two trenches around the island as shown in the bottom left image of Figure 2.3. 

Next the lamella is connected to a probe via deposition of platinum. Then a U shape is 

milled out of the lamella so that it is no longer attached to the sample as seen in the bottom 

center image of Figure 2.3. The lamella is then lifted vertically out and transferred to a 

TEM sample holder where it is connected to it by Pt deposition and them the connection 

to the probe is severed with the ion beam. The sample is then thinned further so it may be 

examined with TEM.  
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2.2.6.4 Isotope enriched growth as quantitative evidence for growth 

Qualitative evidence has been provided that the surface of the substrate has changed 

because of the growth. Without a measurable gravimetric change in the crystals another 

method had to be used to provide evidence of growth. There are other forms of metal 

dichalcogenides that have the same crystal structure of pyrite. It may be possible to add 

these into the growth and then try and determine the thickness of the modified layer. 

Altering the growth contents in this way may also alter the growth itself as the lattice 

constant of the other metal dichalcogenides differs from pyrite’s. Iron and sulfur each have 

four isotopes. An isotope is an atom of an element with a different number of neutrons. 

Each element has its own natural abundance of the isotopes of which it is composed. It may 

be possible to enrich the relative abundance of one of the isotopes throughout the growth 

process so that the over-layer is enriched. Then the removal of material from the surface 

with mass spectrometry can be used to identify the abundance of the different isotopes to 

determine where the interface of the substrate and the over-layer is. This idea is illustrated 

in Figure 2.4. 
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Figure 2.4: Diagram of SIMS experimental design with predicted depth profile outcome. 

In the diagram brown represents the natural pyrite substrate and orange represents the 

synthetic epilayer. HTSG is carried out onto a natural slide of pyrite. Then a depth profile 

is created by milling into the surface and mass analyzing the removed material. Based on 

the level of doping there should are two predicted ratios of pyrite, one made of natural 

levels of sulfur and one of pyrite with doped levels of sulfur-34. 

In Figure 2.4, a natural slide is prepared for growth, shown in brown. Then a layer 

is grown on top of it by a HTSG. For the entirety of the precursor synthesis and the growth 

the normal sulfur has been altered so that there is an enriched amount of sulfur-34. After 

the growth a depth profile is obtained with secondary ion mass spectrometry (SIMS). This 

is done by first creating secondary ions on the surface by sputtering them with Ga ions. 

This results in the ionization of pyrite which can create many different ions that are then 

collected by the instrument and analyzed. The method of analysis is mass spectrometry. 

Here a spectrum of the mass to charge ratio is developed with the relative intensity of each 

provided. The mass to charge ratio is different for different isotopes so two isotopes can be 

resolved. This process is rastered over an area creating mass spectrum for many spots 

determined by the area size and the resolution. Then a beam of Cs is used to remove 

material from the surface and the process is repeated. This produces a tremendous amount 

of data that can be used to determine elemental information in a three-dimensional area. 
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Now that a method of characterization has been decided upon, the signal used for 

differentiation must be determined. The mass spectrometer used was flooded by the high 

signal from ionized sulfur and sulfur-sulfur dumbbells. The next most abundant signal was 

from FeS2 ions. These were chosen for analysis. 

Table 2.1: Isotopic abundances of natural sulfur and iron as well as modified abundances 

of sulfur. SA and FeA represent the natural abundances of the isotopes of sulfur and iron. 

SMA represents the modified abundances of the isotopes of sulfur due to the addition of 

sulfur-34.  

Natural Sulfur  Iron  Modified Sulfur 

Isotope Abundance SA  Isotope Abundance FeA  Isotope Abundance SMA 

32 94.93  54 5.85  32 89.94 

33 0.76  56 91.75  33 0.72 

34 4.29  57 2.12  34 9.33 

36 0.02  58 0.28  36 0.02 

Table 2.1 shows the natural abundances of sulfur and iron as well as a modified 

amount of sulfur isotopes. It is possible to determine the probability that pyrite (FeS2) will 

be made of different isotopes by multiplying the abundances of the individual isotopes as 

shown below.  

 𝐹𝑒𝐴 𝑥 𝑆𝐴 𝑥𝑆𝐴 = 𝐹𝑒𝑆2𝐴 8 

The sum of all the isotope combinations is equal to 1. This calculation can be redone with 

the modified abundances shown in Table 2.1. Here extra sulfur-34 has been added to 

natural sulfur and the abundances recalculated. A table of the results of these calculations 

can be seen in the appendix. This table shows that there are more than one combination of 

isotopes that add up to a molecular weight. These possibilities can be summed to come up 

with a ratio for each molecular weight. Then the ratio of a molecular weight to the highest 

abundance molecular weight (120) can be determined for both the natural and modified. 
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The highest of the ratio of these two numbers are the two signals of interest. In this case it 

is the molecular weights of 120 and 124 which are represented in figures as Fe32S2 and 

Fe34S2. This also gives us our predicted values of the ratios of the signals for 120 and 124 

for natural and synthetic. 

Another growth was completed by substituting sulfur with a natural abundance for 

sulfur with a natural abundance combines with sulfur-34 so that the modified abundance 

was equal to amounts shown on the left in Table 2.1. The precursor synthesis was repeated 

using iron pentacarbonyl and sulfur. Instead of 1 g of sulfur, 0.95g of sulfur and 0.05g of 

sulfur-34 was used. During the sulfur annealing 0.358 g of sulfur and 0.022 g of sulfur-34 

were used. The melt of the high temperature solution growth had 0.427 g of sulfur and 

0.024g of sulfur-34.  

2.2.7 Electrochemical studies of HTSG/natural pyrite samples 

Electrochemical characterization of photovoltaic performance of pyrite is 

commonly done by creating an electrical contact in two ways. First involves contacting the 

pyrite material by making a metal-semiconductor Schottky junction to test it’s current-

voltage performance, while the later utilizes an electrochemical cell, in which a liquid 

electrolyte with a specific redox couple (with defined reduction potential variable by redox 

couple concentrations as shown in equation 4 is used to contact the pyrite. When there is a 

junction made between semiconductor and metal, a thermal equilibrium of 

semiconductor’s Fermi level and metal’s work function is established.102 This is a result of 

charge migration across the interface that is formed. Studies of such junctions were able to 

identify a formation of interfacial defects 103. These defect layers result in so called Fermi 
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level pinning that limits the photovoltage of such junctions. Electrochemical methods of 

contacting that involve liquid solutions of redox couples were shown to not result in defects 

formation on the interface, hence resulting junctions are “softer”. Such approaches were 

used before for studying Si and GaAs semiconductors and resulted in demonstration of 

higher photovoltage values that those obtained for semiconductor/metal junctions.104 Since 

controls of crystallization and bulk stoichiometry of pyrite samples, aimed at Vph 

improvement, is of primary focus of this work, it is imperative to avoid limitations of 

photovoltaic performance of pyrite that could result purely from junction formation. For 

this, focus was directed on applications of electrochemical pyrite characterizations using 

redox solutions, as will be discussed below.  

2.2.7.1 Pyrite electrode design 

Pyrite electrodes are commonly made by first contacting the back of the electrode 

with Ga/In eutectic.1,17,92,105–108 Then a tinned copper wire is coiled to a flat surface on one 

end. The flat surface is then painted with silver paint and contacted to the Ga/In eutectic. 

The wire is then threaded through a tube of borosilicate glass. Then epoxy is applied to 

seal the connection between the pyrite and the glass tubing. A diagram of this electrode is 

shown in Figure 2.5.  
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Figure 2.5. Schematic of classic style of pyrite electrode. 

This electrode works well for electrochemical experiments with a liquid electrolyte. 

The epoxy isolates the surface of the pyrite as the only contact to the solution. However, 

this design does not allow for a convenient separation of the pyrite sample from the 

electrode for further characterization with other methods after it has been tested 

electrochemically. To address this, a specific electrode was designed so that it does not 

involve permanent seals with epoxy. As seen in Figure 2.6, a circular pyrite sample is 

mechanically secured between two O-rings that places the studied surface of pyrite in the 

end of the outer glass tube.  
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Figure 2.6: Diagram of electrode setup. 

An outer glass housing was made of quartz tube that had a smaller opening on one 

end so that an O-ring could be placed without being forced out of one end. The other end 

of this tubing was also modified to accommodate for a metallic clamp. On top of the first 

O-ring the pyrite sample is placed followed by multiple layers of conductive aluminum foil 

that would be able to mold to the surface of the pyrite so as not to impart stress and damage 
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the pyrite sample. Placed on that was tinned copper wire that had been coiled and then 

soldered together with the tail sticking up out of the top of the glass. On top of that was 

placed another O-ring. The inner glass housing was made of quartz glass. This was 

expanded towards the top to meet the clamp. After assembly, the clamp was tightened so 

that solution would not get into the encasing from the bottom. This allowed for an electrode 

that could be taken apart for treatment or characterization in between electrochemical 

characterizations. The ability to assemble the cell inside the glovebox also allows for 

testing the sulfur annealed pyrite without exposing it to ambient atmosphere. 

2.2.7.2 Cell design and redox couples 

A custom electrochemical cell was designed and fabricated for photovoltage 

measurements of pyrite. A schematic of the cell deign is shown in Figure 2.7. The cell 

includes the counter electrode, a sheet of glass covered with a layer of fluorine doped tin 

dioxide (FTO). The size of the cell was chosen so that only 2 mL of electrolyte solution 

was necessary for measurements. An O-ring was placed between the FTO and the external 

housing of the cell that was custom made from borosilicate glass tube. Below the FTO 

counter electrode, another O-ring was placed to reduce the amount of stress applied from 

the metallic clamp as shown in Figure 2.7. This clamp was used to create a seal between 

the O-ring and the FTO electrode. The assembled cell was then filled with approximately 

2 mL of solution and a magnetic stir bar was added. The setup was secured above a solar 

simulator on a ring stand. The previously described electrode containing the pyrite sample 

was then added into the cell covering the stir bar and being placed as close to the counter 

electrode (FTO) as possible to limit the solution’s resistance.  
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Figure 2.7: Electrochemical cell schematic. 

Further described three electrodes were used to study the photovoltaic properties of 

pyrite in such cells. All electrolytes were prepared in anhydrous acetonitrile. 1 mM 

ferrocene/1 mM ferrocenium tetrafluoroborate with 100 mM of lithium perchlorate, 1 mM 

cobaltocene/1 mM cobaltocenium hexafluorophosphate with 100 mM of lithium 

perchlorate, or 0.5 M Iodide/0.005 M triiodide. Lithium perchlorate was included in the 

first two solutions as a supporting electrolyte that increased the conductivity of the solution. 

This information is reiterated in Table 2.2. Three of the above described cells were 

manufactured and each filled with one of these electrolytes which allowed for efficient 

testing of each pyrite sample by moving it from one cell to the other with acetonitrile rinses 

in between.  
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Table 2.2. Electrochemical solutions used to characterize pyrites photovoltaic 

performance. 

Redox couple  

Concentration 

[red]/[ox] 

(mM) 

Supporting 

electrolyte 

LiClO4(mM) 

Reduction 

potential, 

(V vs. 

vacuum) 

I-/I3
- iodide/triiodide 0.5 / 0.005 0 -4.666 

Cp2Fe/Cp2Fe+ ferrocene/ferrocenium 1 / 1 100 -4.982 

Cp2Co/Cp2Co+ cobaltocene/cobaltocenium 1 / 1 100 -3.648 

 

2.2.7.3 Sulfuric acid etch 

As demonstrated in literature, in most cases, higher photovoltages were obtained 

for pyrite samples that have been treated with acidic etching of the 

surface.3,5,15,23,30,34,28,85,95,103,27,109–111 The first successful treatment was 30s in concentrated 

HF/Acetic Acid/HNO3 in a ratio of 1:1:2.5 Another popular method is 0.5 M H2SO4 with a 

cathode current passed at a rate of -15 mA/cm2. The surface of pyrite was activated when 

necessary in a similar fashion in 0.5 Mm H2SO4, but instead of setting the constant current, 

a constant potential of -1.1 V vs solution was set to control the reaction thermodynamically. 

This potential was held until a total charge of 1.8 Coulombs/cm2 was passed. The sulfuric 

acid solution used in this step had been purged with high purity nitrogen gas for 30 minutes 

before use. Besides the pyrite working electrode the cell included a platinum wire reference 

electrode and a platinum wire mesh outer electrode. Both electrodes were made by making 

a seal with the platinum and soft glass. 
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2.3 Results and Discussion 

 

2.3.1 Precursor from iron pentacarbonyl 

XRD was used to characterize the precursor powder which had its iron source as 

iron pentacarbonyl. XRD utilizes a parallel beam of X-rays that interact with a crystalline 

sample at different angles that diffract the X-rays producing a signal only when the 

diffracted X-rays are constructively interfering with each other. At this angle there is a face 

of the crystal. With the angle and wavelength of the incident beam the distance between 

lattice planes can be determined using Bragg’s law. This is how different crystal structures 

and identified. In a single crystal at a single orientation only one peak is observed. For 

powder many peaks are observed as the orientation of the crystals is random. If the peak 

from a face is wide enough the size of the particles can be determined using the Scherrer 

equation. The grown powder was too large for this, however useful crystal information was 

obtained from the products.  
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Figure 2.8: XRD pattern of synthetic pyrite directly after solvent removal (red) and after 

sulfur annealing (blue). References for pyrite (black) and marcasite (green) are included 

in the figure.  

The results of the powder after synthesis showed a mixture of FeSx species as seen 

in Figure 2.8. The peaks here are not very sharp, indicating that the material is not 

completely crystalline and includes an amorphous not ordered material. Previously it was 

mentioned that heating causes marcasite to change into pyrite, but that pyrite also degrades 

into FeS and S at elevated temperatures. To negate this sulfur can be added into the 

atmosphere to create an equilibrium in which the sulfur pressure is high enough to 

encourage sulfur to combine with the FeSx as opposed to leaving it. The formation enthalpy 

for sulfur vacancies in pyrite is very low (0.1 eV)112 causing pyrite to decompose at 

relatively low temperatures. The vapor pressure sulfur over pyrite at 650 ºC is 172 torr.4,113 
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FeSx species have been converted to FeS2 in the literature at temperatures as low as 450 

ºC.114  

The publication this author was involved in had the sulfur annealing of pyrite at 

600 ºC for 12 hours with 50 mg of sulfur added into a sealed tube 14 mm in diameter and 

150 mm in length creating a sulfur atmosphere much higher than that produced by the 

pyrite itself.115 These parameters more than satisfy the requirements for FeSx to FeS2 pyrite 

transformation.  

After sulfur annealing the product the sample was again analyzed with XRD. The 

results are shown in Figure 2.8. All the peaks in the pattern have small full width half 

maximums (FWHM) indicating a crystalline structure. The FWHM are small enough that 

the Scherrer formula cannot be used to calculate the crystal size. All the peaks that are 

displayed after annealing correlate to pyrite. 

To investigate the morphological changes because of the sulfur annealing scanning 

electron microscopy (SEM) was used to create an image of samples before and after sulfur 

annealing. SEM works by rastering an image of a sample using a beam of electrons. 

Electrons undergoing elastic collisions are backscattered. These and secondary electrons 

from the sample makeup the image and x-rays generated by the sample can be analyzed 

with specific detectors to obtain elemental information.  
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Figure 2.9: Precursor SEM.: SEM images of FeSx powder before (a,b,c) and after (d,e,f) 

sulfur annealing. An image was taken for each at relatively the same magnification for 

visual comparison.  

Figure 2.9 shows SEM images taken of the synthetic pyrite before and after sulfur 

annealing. It is hard to tell if there is any difference at the magnification of a and d. 

However, the differences between b and e and c and f show that there has been a clear 

change of morphology on the surface. This is a clear indication that something has changed, 

the morphology is now small pieces other than long thin structures. They also appear 

similar to synthetic pyrite in the literature.82 

There are many different iron sulfides. In fact, there are even two different forms 

of iron disulfide, pyrite and marcasite. It is important to be able to distinguish the two as 

the interest is only in pyrite. The band gap of marcasite is 0.34 and would interfere with 

attempted measurements of only pyrite. Marcasite does have its own crystal structure and 

is detectable by XRD. In these experiments marcasite was not shown in the XRD pattern, 

the peaks observed all index as pyrite. It has been acknowledged in the literature that 
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Raman spectroscopy is a more sensitive technique to identify the marcasite phase and in 

some instances XRD did not shown any peaks for pyrite but some were seen in the Raman 

spectra.116–120 

Raman spectroscopy uses a monochromatic photon source to excite electrons from 

vibrational states into virtual energy states. The electrons then fall back into either their 

original states or states of higher or lower energy. Falling into their original state they 

produce a photon of the energy of the original laser. This is known as Rayleigh scattering. 

If the electron falls into a state of energy higher than its original it produces a photon of 

light of lower energy. The shift of the energy of the photons is known as a Stokes shift 

scattering. Falling into a state of lower energy it produces a photon of greater energy. The 

shift of energy of these photons is known as an anti-Stokes shift scattering. The electric 

field of the photon interacts with the electron cloud of the bond and produces a dipole. The 

relaxation of this dipole produces the scattered light. Electrons are Raman active if the 

polarizability of the bond changes with the distance between the two nuclei bonded to each 

other. These can be predicted by looking at the character table representing the point group. 

Some of the irreducible representations correlate with transformations of the x,y and z 

coordinates. If any of the representations correspond to the functions xy, xz, yz, x2, y2, or 

z2 or a linear combination of any they are Raman active. The irreducible representations 

for the point group of pyrite have been known for some time.121 There are an Eg, Ag, and 

three Tg modes corresponding to the S2 dumbbell stretch, the S2 dumbbell libration, and 

three vibrational modes. These result in stokes shifts of 343, 379, 350, 377, and 430 cm-1. 
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These numbers represent the energy shifts in the scattered light. Below is the Raman 

spectrum for both the synthesized pyrite pre and post annealed in a sulfur atmosphere.  

 
 

Figure 2.10. Raman of synthetic pyrite before (a) and after (b) sulfur annealing. Pyrite 

(blue) and marcasite (red) references are included in each. 

Figure 2.10 shows the Raman spectra for the synthetic pyrite before and after 

annealing in a sulfur atmosphere. The pre-annealing does not have any well defines peak. 

It is difficult based off this information to determine what the sample is, most like 

amorphous iron sulfides. The post annealing spectrum paints a different picture. The peaks 

shown here match well with those attributed to pyrite in position as well as in relative 

intensity. There are no other bands and those expected bands for marcasite are not present 

either.82,122 Therefore the Raman shows that the material is converted to pyrite after 

annealing. 
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2.3.2 Sulfur annealing iron into pyrite 

 

 
Figure 2.11. Raman spectrum of twice sulfur annealed Fe. A pyrite reference (blue) is 

included.  

Raman spectroscopy was used analyze the sample after the second annealing. 

Figure 2.11 shows the Raman spectroscopy of the twice sulfur annealed iron. This is like 

the previous Raman spectrum of pyrite. The only peaks that show up all correspond to 

pyrite peaks and the intensity is like the literature. The twice sulfur annealed iron has been 

fully converted into pyrite.  

2.3.3 Qualitative evidence of HTSG onto natural pyrite 

The simplest way to determine if mass has been deposited of removed from a 

surface is by looking at the mass difference of the sample before and after growth. This 

was either too small to measure on the lab scale, or more commonly it was apparent that 

the surface had also loss significant amounts of the natural substrate during growth so that 

the final mass was less than the starting. Morphological changes to the surface may also 
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provide evidence that there has been a change due to growth. It has been shown in literature 

that this author was involved in that the surface of the pyrite is very flat after polishing115. 

 

Figure 2.12: SEM images of natural slide having undergone HTSG with the solidified 

melt removed. 

Figure 2.12 shows SEM images of the surface after growth and melt removal. 

Figure 2.12.b shows that the surface has changed from being flat with scratch marks. Mesas 

are now on the surface where it was once flat. These mesas could be the result of the 

addition of material onto the surface, or the removal of the surface resulting in these 

structures. Lines through the material are most likely originating from scratches from the 

polishing process. These have either been grown upon or removed from. In Figure 2.12.d 

the lines here appear to be coming out of the surface as opposed to into it. This could be 
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from a result of the rough scratches providing a favorable center for growth. The shapes 

from the surface appear to be coming from it. They could have grown from the surface or 

have fused to the surface. It could be possible that they were once a part of the surface and 

are a result the removal of their surroundings. Figure 2.12.a is another example of a clear 

indication that the surface has changed. It is no longer flat and there are many steps. These 

either indicate growth from the ground up or removal of the material. Figure 2.12.c shows 

crystals that have been collected in the solidified Te/S melt on the surface of the substrate. 

These polyhedral do not resemble the shape or the size of the precursor material. They 

could have been formed from the dissolution and crystallization of the precursor material 

in the melt but not on the surface of the substrate. There has been a change on the surface 

due to the growth of the pyrite, however it is not clear if this change was constructive or 

destructive in nature. Either there are two different growth types observed on the surface. 

Both Volmer-Weber type (island) and Stranski-Krastnov type (layer then island). Or 

removal of material has been accomplished in such a way to resemble them. A search for 

a boundary indicating the interface of the two layers was performed next. 
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Figure 2.13: TEM sample preparation and a micrograph of the growth mesa. Orange is 

the synthetic epilayer and brown is the underlying natural substrate.  

Figure 2.13 shows a TEM images of the growths on pyrite. The cartoon to the left 

represents the area of interest to find. The orange is the layer grown on top and the brown 

is the natural substrate. The blue box is the specific area of interest, a boundary between 

the two of them. In the TEM image there are defects included in the image at what might 

be the boundary between the two layers, however this is not strong enough qualitative 

information to allow us to separate the layers. To determine if there is an atomic difference 

high resolution TEM (HRTEM) was done to look for the same boundary.  
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Figure 2.14: HRTEM with orientation identification. In the diagram to the left the orange 

is the synthetic epilayer and the brown is the underlying natural substrate.  

Figure 2.14 shows the cartoon of the area of interest, the boundary between the 

synthetic layer and natural substrate. There are two images at an atomic scale resolution. 

These are representative of all the areas searched. There is no clear boundary that can be 

seen. The lattice appears to continue throughout the images. Both images are marked with 

the face of the crystal. These have been confirmed with similar images of pyrite in the 

literature.123–125 Without a clear boundary it cannot be concluded that there is a separation 

between the layers of the natural substrate and the over-layer. However, if indeed it is 

growth of the surface there was no evidence that the growth was not epitaxial, the lattice 

appeared to continue from the substrate through the growth layer and the mesa. A more 

quantitative method is required to conclude that growth has happened. 

2.3.4 Quantitative evidence of growth from isotope enrichment 

A natural slide of pyrite was used as a control to evaluate the accuracy of the 

calculated values. There is no enrichment of sulfur-34 in this case.  
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Figure 2.15: Control SIMS depth profile on a polished natural pyrite slide. The orange 

line is the predicted ratio of isotopes for the synthetic layer. The brown is for the natural 

layer. b) is a plot of the depth measured by profilometry vs the sputter time. 

Figure 2.15 shows the depth profile of the control, a polished slide of natural pyrite. 

Two lines are plotted with it. The orange for the calculated value for the ratio of FeS2 

comprised of only sulfur-34 to FeS2 comprised of only sulfur 32 for the enriched pyrite and 

the brown for the natural pyrite. The mass spectrum for the sample is in blue. This matches 

well with the predicted level for the natural substrate which confirms the calculations. 

The depth of material removed could be determined with profilometry. 

Profilometry is a technique used to obtain a profile for the surface of a material. This can 

be used to measure the difference in the height of the crater that was formed because of 

sputtering material and the height of the original surface lateral to the crater. From all the 

depth profiles the time and depth correlated, and a plot was made to convert the time to 

depth. The plot of this is shown in Figure 2.15. The remaining profiles will all have depth 

on the x axis.  
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Figure 2.16: SEM image of the area where the SIMS was performed. 

Figure 2.16 shows an SEM image of the area to be examined with SIMS. This area 

was selected because it displayed the different features of possible flat layer growth and 

the inclusion of mesas.  
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Figure 2.17: a) diagram of the profiling process, here the brown represents the natural 

substrate and orange represents the synthetic epilayer. b) the area that was profiled with 

four different regions of interest selected. c) the corresponding depth profiles of each of 

the four spots including predicted ratios in orange for natural and brown for synthetic. 

Areas one and two as shown in Figure 2.17, are both on flat regions of the image. 

These should start close to the calculated levels for the synthetic material and then drop to 

levels closer to the natural substrate. This is what is seen in both of their depth profiles. 

They start at a higher level close to the calculated synthetic level and then fall to a level 

close to the natural substrate’s level. This is not the sharp drop off that was predicted. This 

may arise from an uneven layer grown on the surface so that while removing material from 

the surface there is a point where both material from the synthetic layer and the substrate 

are being removed and sent to the mass spectrometer so that the signal changes steadily 

and not abruptly. This is illustrated in Figure 2.17. These each show the layer on the surface 

to be around 100 nm.  

 



70 

 

 

Figure 2.18. Sputtering of two different surfaces. One with a flat layer grown on the 

surface to the left. On the right an uneven surface growth. Dotted lines represent new 

surface boundaries after material removal.  

Figure 2.18 shows two surfaces. One with a parallel layer grown on the surface 

and the other with an uneven layer on the surface. For sputtering the layer on the left 

there is a clear drop between the two layers and a sharp drop would be seen in the signal. 

While sputtering the layer on the right there would be a region where sputtering would 

remove layers from both the synthetic and natural layers. This is an explanation for the 

decrease in signal between the synthetic and natural depth profiles of area one and two.  

Areas three and four should both start off and stay at levels near the calculated 

values for the modified abundances. This is indeed what happens in both of their spectra. 

There is a flat line that is close to the modified abundance calculation. 

Both agree that the new morphology on the surface of the pyrite after growth is a 

result of material being deposited on the surface not removed. The only other argument 

Sputt

er

Sputt

er

Synthetic 

Layer

Natural 

Substrate



71 

 

would be that sulfur-34 diffused into the material and none had grown. Using the 

experimentally derived diffusion coefficient from Watson126 the depth that sulfur-34 would 

diffuse into pyrite from exposure at a temperature of 650 °C for 12 hours would only be 

about 8 nm. This is much smaller than the depths seen here. That suggests that this is indeed 

growth and not simply the diffusion of sulfur into the surface of the pyrite.  

2.3.5 Photovoltage measurements of HTSG onto natural pyrite 

 

Table 2.3: Photovoltage measurements for HTSG onto a natural pyrite crystal. 

Sample Preparation 

Vph for pyrite/redox couple junction (mV)  

Cp2Fe/Cp2Fe+ Cp2Co/Cp2Co+ I-/I3
- 

1 sun 1 sun 1 sun 

HTSG on NAT 
as is -7 0 -9 

H2SO4 etched -7 -1 -6 

Table 2.3 shows the Vph values for the HTSG pyrite grown onto natural pyrite 

substrate both after growth and after etching as a function of contacting electrolyte. Data 

was collected under 1 sun illumination intensity (100 mW/cm2). There is not much change 

before and after etching of the pyrite and the photovoltage is low for all three electrolyte 

solutions. This indicates the presence of defect states within the bulk or surface of pyrite. 

Such bulk defects can serve as recombination centers for photogenerated charge carriers 

(electron – hole pair) or defects on the surface can result in the phenomenon known as 

pinning of the Fermi level. During the Fermi level pinning, photovoltage produced by the 

pyrite/redox junction is invariant of the changes in reduction potential of the contacting 

solution.  
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2.4 Conclusions 

Synthetic iron sulfides or iron were successfully converted into pyrite through a 

high sulfur activity annealing step. Qualitative evidence of a homoepitaxial growth of 

synthetic pyrite onto natural pyrite along with quantitative evidence of the thickness of the 

layer were successfully demonstrated and described in this chapter. It is concluded that the 

morphological changes observed on the pyrite were a result of crystal growth. However, 

the resulting growth layers, when grown on the natural pyrite sample, did not produce a 

notable photovoltage improvement even after application of commonly used surface 

activating acid etching treatments. Electrochemical data was consistent with presence of 

either or both bulk defects that serve as recombination layers, or presence of surface defects 

that result in Fermi level pinning. This was concluded as Vph values only changed 

insignificantly with change in reduction potential of the three redox solutions being greater 

than 1 V and spanning across commonly reported values of Evb and Ecb of pyrite.  
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3 CVT growth of pyrite as a replacement substrate for HTSG to increase Vph 

 

3.1 Introduction 

The thickness of the layer on the surface may be on the order of 100 nm. Natural 

pyrite was not made in a controlled environment. It is known that here are many elemental 

defects in natural pyrite.4,38,83,86,88,127 These defects may have diffused into the synthetic 

layer on the surface during growth and created mid-gap states inhibiting the Vph. It is 

important to use a repeatable substrate for the HTSG and one with defects that do not 

compromise the structure of the substrate during growth.  

3.2 Experimental 

 

3.2.1 Materials 

All chemicals were used as received. Single cube pyrite samples were natural and 

purchased from The Fossil Cartel. Tellurium (Sigma 99.999%) was received from Sigma 

Aldrich. Sulfur (Alfa Aesar 99.999%), and iron (99.99%) were received from VWR. Iron 

bromide (FeBr2 99.995%) was received from Fisher Scientific.  Quartz tubing was received 

from GM Associates. Ethylenediamine (>98%), ethanethiol (>98.0%) were received from 

VWR. Concentrated sulfuric acid (ACS grade), ferrocene (98%), and ferrocenium 

tetrafluoroborate (technical grade), potassium iodide (99%), iodine (>99.8%) and 

cobaltocene (Cp2Co, %) were purchased from Sigma-Aldrich. Cobaltocenium 

hexafluorophosphate (Cp2CoPF6, >95.0%(T)) was purchased from TCI America. 

Acetonitrile (>99.8%, anhydrous) was purchased from EMD. Lithium perchlorate 

(99.99%, anhydrous) was purchased from VWR. Ferrocene was purified by sublimation. 
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All chemicals except sulfuric acid were stored in a nitrogen-filled glovebox (LABstar 

MBRAUN, less than 0.5 ppm O2 and H2O). 

3.2.2 Instrumentation 

XRD patterns were collected with a Rigaku Ultima-IV X-ray diffractometer 

utilizing Cu Kα radiation. SEM images were captured with a FEI Sirion SEM operating at 

5 keV at a distance of 5 mm. Raman spectra were collected with a Horiba LabRam HR 

Evolution microscope using a 532 nm diode laser at 20 mW with a 50x objective, 1800 

gr/mm and LabSpec 6 software. A Gamry Reference 600 potentiostat was used for I-V 

measurements. 

3.2.3 CVT crystal growth 

Chemical vapor transport is a technique were a polycrystalline source at a higher 

temperature is transported by a halogen containing transport agent to a region of cooler 

temperature where it crystalizes into single crystals. This has been very popular for pyrite 

and most of the published data with Vph measurements have been done on CVT 

samples.3,5,7,15,19,21,23,30,34,28,35,38,41,43,84,85,87,90–92,96–100,103,27,110,123,128–141 Unfortunately the 

halide transport agent is included within the crystal. 35,92 Pyrite also decomposes at 300 °C 

into iron sulfide and sulfur gas.4 The hot and cool ends of pyrite CVT are around 650 and 

550 °C. It is reasonable to believe that there are sulfur vacancies in the CVT pyrite. Adding 

sulfur to the growth greatly reduced the transport rate.35 These are drawbacks for the 

material. However CVT crystals exhibit excellent crystallinity which make them good 

substrates for homoepitaxial growth.123 
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For this CVT growth a two-temperature zone tube furnace is not available. 

Therefore, two zones were created by treating the center of a tube furnace as one 

temperature zone and the outermost area of the tube furnace as the other area. Synthetic 

pyrite was used make single crystals in a CVT growth to test this experimental setup 

3.2.4 CVT growth of an over-layer onto natural pyrite 

In the literature the CVT growth is used to produce single crystals in almost all 

cases. There is one that was used to produce a homoepitaxial film of about 0.4 µm.137 The 

idea to replace a substrate is to perform a homoeptiaxial CVT growth onto a natural 

substrate. The next step to remove the natural substrate from the CVT crystal and then use 

the CVT crystal as the growth substrate for the HTSG. Figure 3.1 illustrates this idea.  
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Figure 3.1. Schematic for CVT growth onto natural pyrite and then remove of natural 

pyrite to leave only the CVT pyrite for use in the HTSG. 

 
Figure 3.2. Above, a schematic of the homoepitaxial CVT growth. The hot zone is at 650 

°C for 12 days. The source is transported to the seed crystal by the addition of FeBr2. 

Below is a photograph of the ampoule after growth. 

Figure 3.2 shows a cartoon and a photograph of the homoepitaxial growth process. 

Originally 1g of natural pyrite was used as the source with iron bromide FeBr2 as the halide 

transport agent. The oven set to 650 °C for 21 days. This resulted in the growth of many 

crystals at the cool end onto the natural slide. The housing is made of quartz glass.  

3.2.5 HTSG onto CVT 

The HTSG growth onto natural pyrite is repeated here. However, in this instance 

instead of using the natural slide of pyrite as the growth substrate, CVT pyrite will be used 

as the growth substrate. Detailed information on the HTSG can be found in section 2.2.6. 



77 

 

3.3 Results & Discussion 

 

3.3.1 Natural pyrite as a substrate for HTSG 

 

 
Figure 3.3: SEM of defects in natural pyrite post HTSG. 

There is also a visual difference in some of the substrates after growth. Figure 3.3 

shows SEM different images of natural pyrite after it has been through the HTSG process. 

In Figure 3.3.a,b the surface of the substrate after growth shows very large craters. There 

are also cracks in the material. Neither of these were present before growth. If these have 

fallen off during the homogenization of the melt they could compete with the dissolution 

of the precursor. If they formed during the crystallization they would be a compete site for 

growth. Either situation makes a repeatable crystal impossible. 
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Figure 3.3.c, d show natural defects that are located within the pyrite. These small 

lines all over the surface. At higher magnification these appear to be underneath the surface 

layer. EBS of these show that they are comprised of mostly oxygen with large amounts of 

aluminum and silicon and small amounts of magnesium and sodium. The defects on the 

surface appear to be underneath the surface layer. This would support the idea that the 

originally flat surface has had an over layer grown on the pyrite but not the defects. These 

defects do not allow a repeatable substrate to be used directly from natural pyrite. It is 

possible that they affect the Vph measurement. A new source should be used for 

characterization. 

3.3.2 CVT crystals 

The resulting crystals were ground up and analyzed with XRD.  

 
Figure 3.4: XRD pattern of ground up CVT pyrite (purple) with a pyrite reference 

included (black). 
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Figure 3.4 shows the XRD pattern for crushed CVT crystals along with reference 

peaks for pyrite. All the peaks in the pattern are in the same position as the reference for 

pyrite. There it can be concluded that the sample is pyrite.  

 
Figure 3.5. Raman spectroscopy of CVT pyrite. A pyrite reference (blue) is included. 

Raman spectroscopy was used to analyze the surface of the CVT pyrite before it 

was crushed to determine if any marcasite was present. The resulting spectrum can be seen 

in Figure 3.5. The only peaks that appear here correlate to pyrite peaks and are of similar 

intensity to those shown in the literature.  

It can be concluded that the CVT growth with utilizing only one temperature zone 

is successful in making pyrite crystals.  
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3.3.3 CVT over-layer onto natural pyrite 

 

 
Figure 3.6: CVT pyrite grown onto polished natural pyrite. top is from one growth, 

bottom is from another. 

Figure 3.6 shows SEM images of the result of two different homoepitaxial pyrite 

growths. One is shown in the top two images and other for the bottom two images. All the 

CVT growths have resulted in the alteration of the surface of the substrate. The mass of the 

substrate had also increased after the growth indicating the deposition of material.  

Synthetic pyrite has grown onto the surface of the synthetic pyrite. Where this is 

not always in the same orientation enough can be grown or the process repeated so that the 
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substrate can be removed, and the surface can be polished resulting in a flat surface to be 

used in the HTSG.  

3.3.4 HTSG onto CVT 

The surface of the HTSG onto CVT pyrite after removal of the melt was analyzed 

with SEM to look for similar morphological features as seen in the HTSG onto natural 

pyrite.  

 
Figure 3.7: HTSG onto a CVT crystal. a-d) are all the surface of the substrate. 

Figure 3.7 shows four SEM images of the surface of the substrate of the HTSG onto 

the CVT pyrite. The mass of the slide has increased because of the growth, material has 
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been deposited. There are small crystals that have grown from the surface shown in Figure 

3.7.a, c, and d. The surface is no longer flat and has adopted a new surface morphology 

because of the growth as shown in Figure 3.7.b. There appears to be regions where there is 

growth over the lines that were once on the surface in effect healing these marks. There 

was no evidence on the surface of the slide of large pits growing or new cracks forming 

like the ones seen in the HTSG onto the natural pyrite. This is an indication that this new 

substrate can be used in the growth without the drawbacks of substrate destruction. This 

provides a repeatable substrate which could be used to optimize the growth. 

 
Figure 3.8. Raman of HTSG/CVT. A pyrite reference (blue) is included. 

Raman spectroscopy was used to determine if the surface of the growth was still 

pyrite. This spectrum shown in Figure 3.8 represents the flat surface as well as the top of 

the crystals on top of the surface. Only peaks representative of pyrite are observed in the 

spectrum. This is evidence that the material is pyrite and not any of the other iron sulfur 

species. Now that the over-layer has been confirmed the photovoltage will be measured.  
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3.3.5 Electrochemical characterization of HTSG/CVT pyrite 

After the successful CVT growth resulting in production of a single crystal pyrite 

sample, the CVT pyrite was tested electrochemically to asses any changes in the PV 

performance in comparison to natural samples. The photovoltage was measured in the same 

way as described in section 2.3.6. Vph data is summarized in Table 3.1. Photovoltage values 

for each sample, before and after sulfuric acid etch (activation) is required for each 

pyrite/redox junction and for two illumination intensities. Illumination intensity of 1 Sun 

and a high illumination intensity (~4 Sun) was used.  

Table 3.1. Photovoltage measurements of HTSG/natural pyrite and HTSG/CVT pyrite 

samples.  

  Vph for pyrite/redox couple junction (mV) 

  Cp2Fe/Cp2Fe+ Cp2Co/Cp2Co+ I-/I3
- 

Sample Preparation 1 sun h. int. 1 sun h. int. 1 sun h. int. 

HTSG 

on 

NAT 

as is -7 - 0 - -9 - 

etched -7 - -1 - -6 - 

HTSG 

on 

CVT 

as is -4 -24 - - -5 -30 

etched -56 -117 -40 -106 -50 -110 

 

The HTSG/CVT pyrite samples consistently show higher photovoltage values 

when compared to the HTSG/natural pyrite samples especially after the sulfuric acid 

etching. Overall, synthetically grown CVT crystalline pyrite was shown to have higher PV 

performance in terms of Vph. To further understand the specifics of these junctions, cyclic 

voltammetry was used. Current voltage behavior of the HTSG/CVT pyrite is shown in 

Figure 3.9.  
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Figure 3.9: I-V curve for etched HTSG/CVT pyrite contacted with a) Cp2Fe/Cp2Fe+, and 

b) I-/I3
- redox solutions. 

Figure 3.9 shows I-V curves for the HTSG/CVT pyrite after the cathodic etching in 

sulfuric acid. The data was collected in the ferrocene/ferrocenium (Cp2Fe/Cp2Fe+) (left) 

and the iodide/triiodide (I-/I3
-) redox couple (right). Higher FF values of 31.4 were 

measured for HTSG/CVT pyrite samples contacted with the with I-/I3
- redox couple, while 

in the case of using the Cp2Fe/Cp2Fe+ solution the FF values were 26.2. This is consistent 

with higher shunt resistance values measured for pyrite/ I-/I3
- junctions and suggests that 

the iodide/triiodide solution is potential a better contacting media for investigating the PV 

properties of pyrite.  
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3.3.6 Effects of sulfuric acid etching on the HTSG/CVT pyrite surface 

To understand specifics of the cathodic etching of pyrite in H2SO4 the surface of 

pyrite’s morphology was characterized using SEM. 

 
Figure 3.10: Surface HTSG CVT pyrite after electrochemical etching. 

Figure 3.10 shows the surface of the HTSG onto CVT pyrite after it had been etched 

with a cathodic current in sulfuric acid. Figure 3.10.a shows the surface of pyrite. The line 

drawn on the image shows the approximate boundary where to the left was area covered 

by the O-ring and the area to the right was exposed to the etching solution. To the right 

there are different morphologies, smooth flat regions, regions with pits, scattered islands 

protruding from surface. It appears that the etching was not homogenous on the surface. 
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Figure 3.10.b is a higher magnification of pitted region. It appears that the pits are deeper 

than 200 nm. This is deep enough to remove the entire layer as estimated SIMS depth layer 

profile of the isotope doped growth described earlier. Figure 3.10.c shows pitted region 

including remains of mounds. It can be seen here that the lines from the polishing are still 

distinguishable, appearing deeper than before etching. Figure 3.10.d shows one of the 

islands from the surface after etching. Material has clearly been removed but some from 

the growth remains.  

Material has been removed from the surface. Some of that had been the HTSG and 

some likely the CVT substrate underneath. It is likely that the photovoltages measured are 

characteristic of a mix between these two and not only the HTSG over-layer. To determine 

this the HTSG would have to be optimized to produce thick enough so that they are not 

removed from the etching or layers even thicker that can be grown and then their backside 

removed as was done for the CVT onto natural pyrite growth.  

3.4 Conclusions 

A single temperature zone furnace was used to make CVT pyrite crystals. The same 

CVT setup was able to be used to make a thick over-layer onto natural pyrite. This process 

was able to be repeated to make thicker layers that could be modified to flat surfaces to be 

used in the HTSG. The HTSG layer grown on the CVT crystal was able to produce higher 

photovoltages than HTSG onto natural pyrite. Whether this is from the HTSG growth layer 

alone or from a combination of the growth layer and the CVT remains unknown and needs 

to be investigated further. The bulk of the material has been changed, the next area of focus 

would be the surface.   
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4 The effect of surface modification on photovoltage 

 

4.1 Introduction 

To study the effect of surface modification first the different methods of 

modification are to be chosen and then the techniques used to characterize them are 

discussed. The photovoltage measurements will be performed for the described below 

surface treatments of pyrite to establish their correlations and to understand the path to 

further advances in PV performances of pyrite. 

4.2 Experimental 

 

4.2.1 Materials 

All chemicals were used as received. Single cube pyrite samples were natural and 

purchased from The Fossil Cartel. Tellurium (Sigma 99.999%) was received from Sigma 

Aldrich. Sulfur (Alfa Aesar 99.999%), and iron (99.99%) were received from VWR. Iron 

bromide (FeBr2 99.995%) was received from Fisher Scientific.  Quartz tubing was received 

from GM Associates. Ethylenediamine (>98%), ethanethiol (>98.0%) were received from 

VWR. Concentrated sulfuric acid (ACS grade), ferrocene (98%), and ferrocenium 

tetrafluoroborate (technical grade), potassium iodide (99%), iodine (>99.8%) and 

cobaltocene (Cp2Co, %) were purchased from Sigma-Aldrich. Cobaltocenium 

hexafluorophosphate (Cp2CoPF6, >95.0%(T)) was purchased from TCI America. 

Acetonitrile (>99.8%, anhydrous) was purchased from EMD. Lithium perchlorate 

(99.99%, anhydrous) was purchased from VWR. Ferrocene was purified by sublimation. 

All chemicals except sulfuric acid were stored in a nitrogen-filled glovebox (LABstar 

MBRAUN, less than 0.5 ppm O2 and H2O). 
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4.2.2 Instrumentation 

The photoelectron spectroscopy system used for this research was a PHI 5000 

Versaprobe II utilizing an Al Kα X-ray beam (1486.6 eV) was used for all XPS. A helium 

discharge lamp included in the XPS setup was used for UPS data collection. All samples 

referenced to Au foil which was sputtered and used to calibrate the binding energy of the 

UPS spectra. The onset and electron cutoff were determined by finding the intersection of 

the slope and the line before or after it. All photoelectron spectra were processed with PHI 

Multipak version 9.5.0.8.  

4.2.3 Sample Histories 

Four different sample histories of CVT crystal surfaces were studied to correlate 

their surfaces with their photovoltages. (1) a CVT crystal that had been polished with a 

series of diamond lapping films in decreasing roughness to produce a flat surface. (2) a 

CVT crystal that had undergone the HTSG to produce an over-layer that has previously 

been described. (3) a CVT crystal of pyrite that had undergone the cathodic etch previously 

described where it was immersed in 0.5 M H2SO4 and held at a potential of -1.1 V vs ref. 

until a total charge of 1.8 C had passed. (4) a crystal of CVT pyrite that had been heated to 

650 °C where it stayed for 12 hours in an evacuated ampoule that contained elemental 

sulfur. This sulfur annealing step has been studied previously and is described below.115  

4.2.3.1 Sulfur anneal 

Slides of natural pyrite have been prepared using polishing methods and were then 

annealed in a sulfur atmosphere which led to an improvement of optical properties as well 

as surface crystallinity as determined by EBSD. This led to a repeatable pyrite surface 
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where there had not been a previous method to produce repeatable surface properties. In 

this instance the current author contributed to the research by supplying the means by 

which to anneal the pyrite as well as assistance in preparing the manuscript. Table 4.1 and 

Figure 4.1 are from the paper showing dielectric functions, and EBSD patterns. The details 

of the experiments were described in a published article.115 The dielectric functions became 

more repeatable after the annealing. EBSD is a technique used with SEM that detects 

backscattered electrons from the sample on a phosphor screen to create Kikuchi diffraction 

patterns that index as different crystal systems. This technique gives us surface 

crystallinity. The indexing values of the Kikuchi patterns by EBSD for natural samples of 

pyrite have improved after the sulfur annealing. The Kikuchi pattern images can be seen 

below. Because of the improvement of the near surface and as an attempt to fill near surface 

sulfur vacancies this technique was selected to create one of the CVT substrate surfaces. 

Table 4.1. The dielectric functions of pyrite slides before and after annealing in a sulfur 

atmosphere (each data was an average of five spots on the same slide). 

 Pre annealing Post annealing 

 n0 k0 n0 k0 

Slide 1 3.98 ± 0.18 -3.10 ± 0.02 4.05 ± 0.16 -2.86 ± 0.04 

Slide 2 3.25 ± 0.03 -3.03 ± 0.01 4.43 ± 0.12 -3.02 ± 0.03 

Slide 3 1.79 ± 0.04 -3.29 ± 0.02 4.54 ± 0.02 -2.96 ± 0.02 
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Figure 4.1. EBSP (Kikuchi patterns) of a pyrite slide (a) pre- and (b) post-sulfur anneal. 

(c) and (d) are auto index results of two different spots on the annealed slide. 

4.3 Results & Discussion 

 

4.3.1 X-Ray photoelectron spectroscopy study of different pyrite surfaces 

X-ray photoelectron spectroscopy uses a beam of x-rays to remove electrons from 

the core shell of atoms. These photoelectrons have their kinetic energy measured with an 

analyzer. The difference of the kinetic energy of the photoelectron and the energy of the 

incident beam is equal to the binding energy of the electron. The binding energy of the core 

electrons of atoms shift according to different chemical environments that the atom is in. 

Typically, the more oxidized an atom is the higher the binding energy is of the core 

electrons. This is because the total attraction of the nucleus to the electrons is now divided 

up among fewer electrons. If an atom is more reduced the binding energy will typically be 

smaller because there are now more electrons to divide the attraction of the nucleus among. 

There are some cases where this trend is not followed due to inter atomic effects of 

(a) (b) 

(c) (d) 
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surrounding atoms. This method allows the user to identify not only that atoms present at 

the near surface of the material (5-10 nm) but their chemical state as well. The data obtained 

from this technique is not as straightforward as it sounds. Each element has its own 

sensitivity to the generation of photoelectrons. The binding energy of the electronic levels 

also determines how surface sensitive they are. With a higher binding energy, the kinetic 

energy of the photoelectron is smaller, and the electron has a decreased likelihood of 

reaching the surface from deeper within the sample. With a lower binding energy and 

higher kinetic energy electrons from deeper within the sample can reach the surface without 

losing energy and can make their way to the detector.  
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Figure 4.2: XPS survey scan of polished, sulfur annealed, etched and HTSG CVT pyrite. 
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XPS survey scan of CVT pyrite surfaces that have been polished, through HTSG, 

through a cathodic etch in sulfuric acid, and sulfur annealed all show peaks corresponding 

to iron and sulfur peaks from their electronic configuration. This is observed in Figure 4.2. 

They also have peaks for iron auger peaks. When a photoelectron is emitted there is a whole 

left in the orbital. Electrons from smaller binding energies can fill these wholes. When they 

do so they can donate their energy to electrons from the same or lower binding energies. If 

of high enough energy these electrons can now exit the material. They make their way to 

the detector where their kinetic energies are recorded and correlated to a binding energy. 

There are no actual electrons at these binding energies. The label L3M2,3M4,5 represents a 

photoelectron leaving the L3 level, an electron from M2,3 replacing the electron and an 

electron from M4,5 leaving the atom. There are also energy loss peaks about 25 eV higher 

in binding energy for the iron and sulfur peaks. These may result from a cost of energy to 

leaving the bulk due to oscillations of electrons in the conduction band. They show up in 

reference XPS spectra for elemental iron and sulfur and are characteristic of the atoms 

themselves and are not a result of the specific chemistry of these samples. All spectra show 

peaks for carbon and oxygen which are most likely due to adventitious carbon on the 

sample surface 

The HTSG spectra has addition peaks for nitrogen tellurium and iodine. Nitrogen 

is most likely from the removal of the solidified melt with ethylenediamine, tellurium from 

the melt, and iodine from handling in the glovebox after an iodine experiment. The cathode 

etch in sulfuric acid sample has additional peaks for copper and platinum. These may be a 

result of the cathode potential placed on the electrode where copper and platinum can be 
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reduced out of solution on to the electrode surface. It was possible to add copper sulfate 

into the etching solution and increase the amount of copper deposited. Doing so did not 

show an improvement of the photovoltage. The sulfur annealed spectrum shows no other 

peaks than those that were already mentioned.  

 

 
Figure 4.3: Normalized and background subtracted XPS spectra of the Fe2p3/2 range of 

polished, HTSG, etched in H2SO4 with a cathodic potential applied and sulfur annealed, 

CVT pyrite. 
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Figure 4.3 shows normalized and background subtracted XPS Fe2p3/2 spectra of 

polished, sulfur annealed, etched and HTSG CVT pyrite. All four spectra show a large peak 

near 707.20. This peak represents the iron which is in an octahedral coordination to six 

sulfur dumbbells in pyrite. All also show a tail extending from the peak into larger binding 

energies. This should represent ion in a more oxidized environment. It may be possible that 

this represents an iron that was coordinated to six sulfur dumbbells and then one of those 

dumbbells had the bond between its two sulfur atoms cleaved. Which could result in the 

sulfur atom which would now be at a +1 oxidation state oxidizing the Fe(II) to Fe(III) itself 

now with a -2 oxidation state. There is also evidence in the literature that these peaks may 

be the result of multiplet peak splitting of iron.142–148 

Electrons in atomic orbitals of atoms with the l>0 can couple their spin with their 

orbit angular moment described by the phenomenon of spin-orbit coupling. This splits the 

energy level of the orbital into two discrete levels. Multiplet peak splitting is similar but in 

this case electron spins are coupling to create multiple energy levels. When a hole is 

generated in an inner shell orbital the remaining electron in that orbital has a magnetic field 

given by its spin that is either aligned or opposed by the magnetic field of an electron in 

the valence band. The lone electron in the valence orbital could have been there originally 

as in a paramagnetic ion or could have been generated in a diamagnetic ion because of the 

photoelectron generation. The splitting generates peaks of higher binding energy to the 

main peak. This phenomenon affects orbitals of all l values. The closer in energy to the 

valence band the orbital is, the larger the difference in energy from the main peak and the 
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multiplet peak. This phenomenon has been seen in different iron oxide’s 2p and 3s XPS 

peaks.149 

 It has been proposed that the tail at higher binding energies to the Fe 2p3/2 pyrite 

peak is a result of this phenomenon.142 Peaks in that study were fit as a result of mulitplet 

peak splitting between the Fe2p3/2 orbitals and paramagnetic surface states not from pyrite, 

but from surface states of Fe in pyrite that had one Fe-S bond cleaved leaving an Fe(II) 

atom, and Fe in pyrite with one of the sulfur to sulfur bonds cleaved from its surface facing 

direction resulting in the oxidation of the iron to Fe(III) and reduction of the sulfur to -2. 

The source of the paramagnetism of the valence band was further explored further by 

Nesbitt.143  

There the idea was that originally the iron in an octahedral coordination with the 

six sulfur dumbbells resulted in a splitting of the d where the t2g orbitals makeup the valence 

band edge and the eg orbitals rise to makeup the conduction band edge. With the cleavage 

of the Fe-S bond the remaining Fe is no longer in an octahedral coordination. Now the dz
2 

orbital fall to within the original bandgap from the conduction band, the dx
2-y

2 rise, and the 

dyz orbitals rise from what was once the valence band to a level within the band gap. The 

dyz orbitals were filled with electrons. However, the distance between the now in gap states 

being only 0.35 eV is lower than the pairing energy of 1.6 eV of the two electrons in the 

dyz orbital so that they are not both singly filled with electrons in a high spin configuration. 

These provide two different electrons in the valence band to couple with the electrons in 

2p orbital to couple with. That is from the first surface state. 
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The second surface state is from the cleaving of the S-S bond resulting in Fe(III) 

bonded to a single sulfur and five sulfur dumbbells. The situation is like the one described 

above with the difference in the bonding between the sulfur dumbbell and the single sulfur 

enough to result in a distortion of an octahedral coordination to closer to a square 

pyramidal. However, in this case the iron is oxidized so that there is one less electron and 

now a total of three lone electrons. This provides three orbitals that can couple with the 

Fe2p states. This led those researches to fit the higher binding energy tail with seven peaks 

from multiplet splitting.  

In another study it was shown that when pyrite had been exposed to air to study its 

oxidation these multiplet peaks could be fit as well. In this case it peaks were fit for the 

multiplet peaks as well for peaks representing the bond between iron and oxygen at higher 

binding energies.144  

Synchrotron XPS was then used to investigate the multiplet splitting.145 Here the 

energy of the incident X-ray beam was 800 eV. This excitation energy is more surface 

sensitive because the kinetic energy of the generated photoelectrons is lower, so they have 

a lower probability of exiting the surface the deeper in the material they originate. In this 

case the ratio of the main pyrite peak to the tail lowered so that the tail main peak appeared 

larger, but the tail stayed the same size. This is evidence that the source of the tail is from 

the surface and not inherent to pure pyrite. Therefore, even if it is not coming from multiplet 

splitting caused by surface defects, it is still a signal originating from the surface. Attempts 

were made to use similar fitting parameters as the previously mentioned studies to fit the 

tail of the iron XPS peak but could not be done in a consistent and satisfactory manner 
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across all samples. It could be that the tail is the result of a is mix of surface states 

generating peaks as well as multiplet splitting caused by the surface states and that none of 

ours matched with those in the literature because of different surface preparations.  

The four spectra show very similar shape. Each with the large pyrite band and the 

tail. From this observation one would expect that the photovoltage measurements of each 

would be similar as their surfaces are of a similar composition. If any difference increasing 

photovoltage should follow the reverse order of the height of the tail, more surface defects 

leading to a lower photovoltage.  
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Figure 4.4. Normalized and background subtracted XPS spectra of the S2p range of 

polished, HTSG, etched in H2SO4 with a cathodic potential applied and sulfur annealed, 

CVT pyrite. 

Figure 4.4 shows normalized and background subtracted XPS S2p spectra of 

polished, sulfur annealed, etched and HTSG CVT pyrite. All spectra show the largest peak 

around 162.60 and a smaller one around 163.8. All also show a tail into higher binding 

energies. Sulfur 2p orbitals exhibit spin orbit coupling resulting in a separation of the 3/2 

and 1/2 2p peaks of around 1.2 eV. This is consistent with the two large peaks seen here. 
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These are attributed to the sulfur in pyrite. The small peak at around 165.5 is attributed to 

polysulfide. It is of a larger full width half max than the main peaks which suggests that it 

is from the surface of the material and not the bulk. In the iron 2p spectra there were peaks 

attributed to surface defects. Here there are no obvious such peaks. The photoelectrons 

generated from the 2p orbitals in sulfur are of a much higher kinetic energy than the iron 

2p orbitals. This results in the sulfur spectra receiving a greater proportion of its signal 

from the bulk of the material and not a signal from the uppermost surface. Higher binding 

energy photoelectrons are more surface sensitive. In the literature synchrotron XPS was 

done at a lower beam energy. 18,112,143–148,150–152,153,135 This results in a lower kinetic energy 

of the generated photoelectrons, thus it is more surface sensitive. In all cases more peaks 

were seen in the spectra. In all cases two more sets of 2p peaks could be fit. A set 

comprising of the 2p3/2 and 2p1/2. These are both located at lower binding energies than 

the largest peak, the same one seen in my spectra. Being at lower binding energies they are 

in a more reduced environment. Commonly the lowest binding energy 2p3/2 peak around 

161.4 eV is attributed to sulfur because of a sulfur-sulfur bond cleavage resulting in the 

oxidation of iron to 3+ and the reduction of sulfur to 2+. In the pyrite structure sulfur is 

coordinated in a tetrahedral. Three bonds to different iron atoms and one to the other sulfur 

making up the dumbbell. The intermediate 2p3/2 peak is around 162 eV and represents a 

sulfur that has had a bond cleaved to one of its bound irons. With one less iron to share 

electrons with this sulfur is slightly reduced. It is probable that there are sulfur deficient 

defect on the surface of our synthetic sample, however not detectable with low surface 

sensitivity to sulfur for our setup. There is also little difference in the shapes of these peaks 
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suggesting that there should be no major difference in the photovoltage measurement 

attributed to the surface.  

4.3.2 Ultraviolet photoelectron spectroscopy of different pyrite surfaces 

Ultraviolet photoelectron spectroscopy is like XPS in that it uses a beam of photons 

to remove electrons from atoms and then measure their kinetic energy to determine their 

binding energy. There are two different He emission lines used for this technique, He1 

(21.22 eV) and He2 (40.81 eV). Because the energy of the incident beam is much smaller 

this removes electrons mostly from the valence orbitals of the sample. This technique 

allows the user to determine the work function of a material as well as the difference in 

energy of the Fermi level and the valence band of a semiconductor. The more n-type a 

semiconductor is the larger the difference and the more p-type a semiconductor is the 

smaller the difference.  
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Figure 4.5: Normalized UPS spectra of CVT pyrites with 4 different sample histories, 

polished, through HTSG, through a cathodic etch in 0.5M H2SO4 and sulfur annealed at 

650 °C for 12 hours.  

Figure 4.5 shows the UPS HeI spectra for polished, sulfur annealed, etched, and 

HTSG CVT pyrite. The polished, HTSG, and etched spectra all look similar. They all have 

very small peaks near the Fermi level and then each slowly increases to a larger peak which 

centers around 6.5 eV and then remain somewhat flat and then increase sharply and then 

fall off to very small counts. The larger increase around 12 eV when going to higher 

binding energies is attributed to inelastically scattered electrons. The reason for their 

increase is that the detector has been biased 5V lower than the sample to increase the 

probability of detecting photoelectrons with energies around vacuum level. The cutoff for 

the sulfur annealed sample is at a lower binding energy. This indicates that the sample has 

a higher work function. The shape of the sulfur annealed spectrum has more definition to 

it and more closely resembles the UPS spectra from the surface of pyrite that had been 
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fractured in the introduction chamber of the UPS.135 Another study was done in order to 

identify the peaks from the UPS spectrum.154 Here Different excitation energies were used 

with XPS and UPS to create spectra for pyrite. Using the different photoionization x-

section of the photon energies for elemental subshells (S3s, S3p, Fe3d) they were able to 

determine the differences in sensitivity at each incident beam energy and compare the 

spectra across different incident beam energies to determine if the peaks were more 

dependent on iron or sulfur and then estimate which molecular orbitals each peak 

represented. They also used calculations from the literature to verify or modify their 

estimation.155 These match well with the spectrum here from the sulfur annealed pyrite. 

The low binding energy region of the spectra can be used to determine the n- or p-type 

character of the samples.  
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Figure 4.6. UPS spectra of the outer valence band of the CVT pyrite through different 

histories, polished, HTSG, etched, and sulfur annealed. The spectra have been normalized 

so that the peak height is roughly the same. 

Figure 4.6 shows the UPS spectra of the outer valence band of the four different 

CVT pyrite sample histories. The height has been normalized to compare the n- and p-type 

character of each sample. The polished and etched are similar in shape. They are also the 

most p-type in character indicating that at and near the surface the valence band is closer 

to the Fermi level. The HTSG sample’s shape is a little different with a sharper drop off as 

it approaches zero. It is slightly less p-type in character. The sulfur annealed is the least p-

type in character. Its shape is like the HTSG on its low binding energy side but at its high 

binding energy side appears that it might have another peak. The onset and cutoff of the 

UPS spectra can be used to determine the energy levels of valence band edge relevant to 

the Fermi level and the work function of the material. 
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Figure 4.7. Band diagram for CVT samples with different histories generated from UPS 

spectra and assuming an electronic bandgap of 0.8 eV. The reduction potentials of the 

electrolyte solutions are included as well. 

Figure 4.7 shows the band diagram for the different CVT sample histories. The 

onset was used to determine the distance between the valence band edge and the Fermi 

level and the cutoff was used to determine the work function. The reason for the difference 

in the work function is most likely due to the number of contaminants on the surface from 

handling in air which creates an interface dipole on the surface and decreases the work 

function. This is common for air exposed samples. Determining the work function of gold 

foil, a common reference material, sputtering with argon for 20 minutes was required 

before there was no longer a shift in the cutoff. 

Fermi level pinning has been attributed for the low Vph of pyrite. Pyrite is a bulk n-

type material. It appears here that the Fermi level is pinned near the valence band edge. An 

increase in the separation between the two should signify a decrease in the pinning of the 
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Fermi level at the surface. The cathodic etched and the polished have their Fermi level 

closest to their valence band edge, around 0.1 eV apart. This should have the lowest 

photovoltage. The HTSG’s separation is a little larger and the separation for the sulfur 

anneal is over 0.3 eV. This suggests that the photovoltage should be even higher than the 

others three. The only way to tell is by doing the actual photovoltage measurements.  

4.3.3 Vph measurements of four different sample histories of CVT pyrite  

The electrochemical setup as described in section 2.3.6 was used to measure the 

photovoltage of the four samples of CVT pyrite with different surface treatment histories. 

Looking at Figure 4.7 a prediction can be made that based on the band positions the 

photovoltage of sulfur annealed CVT pyrite in the cobaltocene/cobaltocenium redox 

couple will be positive. The photovoltage for this electrode in the iodide/triiodide solution 

is expected to have a smaller amplitude and have positive values, while in the case of 

ferrocene/ferrocenium, smaller amplitudes but negative values are expected. These 

expectations are based on the relative positions of the energetics of pyrite (Evbe, Ecbe, and 

EF) and the reduction potentials (qEsoln) of the redox couples. The results of the 

photovoltage measurements area shown in Table 4.2.  
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Table 4.2. Photovoltage of Polished, HTSG, Etched, and sulfur annealed pyrite in 3 

different electrolyte solutions at 1 sun and high intensity. 

  Vph for pyrite/redox couple junction (mV vs. ) 

  Cp2Fe/Cp2Fe+ Cp2Co/Cp2Co+ I-/I3
- 

Sample Preparation 1 sun h. int. 1 sun h. int. 1 sun h. int. 

CVT Polished 0 0 0 0 0 0 

HTSG / CVT as is -4 -24 - - -5 -30 

CVT etched -56 -117 -40 -106 -50 -110 

CVT 
sulfur 

annealed 
-1 - 5 -1 -6.5 -4 -6 

  

Table 4.2 shows the measured photovoltages of the different sample history CVT 

pyrites slides in different electrolytes and at different light intensities. The polished CVT 

shows no photovoltage in any electrolyte or with any intensity of light. This could be from 

surface damaged incurred during the polishing steps. The HTSG/CVT shows a 

photovoltage, however for each electrolyte the photovoltage is negative. The measured 

photovoltages are also very close in value for each of the electrolytes. These electrolytes 

are far away enough in solution potential that this should not be the case. The surface of 

this material is not ideal in producing a photovoltage corresponding to a junction made of 

the surface of pyrite and the different solutions. The sulfur annealed CVT sample has 

shown little to no photovoltage values in all three electrolytes, and the values are also all 

negative which is like the other samples. The etched CVT pyrite shows the highest 

photovoltage. However, they are all similar in direction and in magnitude, which is not 

consistent with the reduction potentials of the three solutions as discussed above. It makes 

more sense that the photovoltage is being predetermined by a different junction, possibly 

present on the surface of pyrite before it is contacted by any of the redox solutions.  
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4.3.4 Relationship between measured Vph and the surface of CVT pyrite 

UPS characterization of all four pyrite samples suggested that the sulfur annealed 

pyrites should have the highest photovoltage values when contacted by Cp2Co/Cp2Co+. 

This was not the case. The sample history with the highest by far photovoltage was after 

etching. How could this be? 

It is important to understand what is happening on the surface of the material. It has 

been proposed that Fermi level pinning at the surface to the valence band edge is the cause 

of the low photovoltage.18 This creates a thin inversion layer, inverting from an n-type bulk 

to a p-type surface. This results in non-uniform depletion layer with very steep band 

bending near the surface. In this layer of steep band bending electrons can tunnel across 

diminishing the photovoltage. This results in limiting the photovoltage to the bending of 

the depletion layer outside of the steep band bent surface which has been estimated to be 

around 180 mV.1  

The sulfur anneal has been shown to improve the near surface crystallinity, however 

this sample produced negligible photovoltages. It is possible that it has not completely 

improved the actual surface layer in which case presence of an inversion layer on the 

surface is expected. If the near surface was repaired than this inversion layer is even 

smaller, making it even more likely that electrons will tunnel across it. On the other hand, 

acid etched surfaces of pyrite have never produced photovoltages over 200 mV in the 

literature, which is also consistent with the earlier described Fermi level pinning. However, 

as it was discussed above, reducing the carrier tunneling increases the photovoltage. 

Perhaps the etching of the pyrite surface creates a thicker inversion layer limiting the 
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tunneling. This is consistent with relatively high photovoltages obtained after sulfuric acid 

etching but lower Vph values of the sulfur annealed CVT pyrite.  

4.4 Conclusions 

The surface of pyrite was successfully modified with sulfur annealing improving 

its crystallinity. The sulfur annealing process, high temperature solution growth, or 

mechanical polishing steps did not improve the photovoltage of CVT pyrite. The only 

improvement was through the cathodic etch of pyrite in sulfuric acid. The improvement 

may be the result of the increased thickness of the surface defect layer which lengthens the 

inversion layer, limits the tunneling of electrons across the boundary so that the 

photovoltage increases, is predefined by the inversion layer and is independent of 

energetics of the outside contact or junction as it was observed. Sulfur annealing was shown 

to improve the near surface layer but according to electrochemical studies did not remove 

of all the surface defects so that the inversion layer was absent.  
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5 Summary and future 

 

The pyrite used in this research has been fabricated in different ways. First the 

conversion of iron pentacarbonyl and sulfur into pyrite in an organic solvent, or the 

repeated sulfur annealing of iron into pyrite were used as feedstock for growth of larger 

crystals. The larger crystals were grown by; (1) a HTSG onto natural pyrite, (2) CVT 

growth of pyrite with iron(II) bromide as a transport agent into single crystal or (3) as 

epitaxial growths onto natural pyrite, and (4) HTSG onto CVT pyrite that had been 

removed from the natural pyrite which it had used as a substrate. 

The photovoltaic properties of the pyrite were dependent on the substrates used for 

growth. Improvements to photovoltage values of pyrite devices were obtained through 

replacement of the natural substrate with the CVT substrate. 

The photovoltage of the substrates were improved by a cathodic etch of the surface. 

The photovoltage was not improved by sulfur annealing the surface of the pyrite, however 

this step was shown to improve the surface crystallinity. It is possible that the improved 

photovoltage is because of the increased thickness of the surface layer resulting in a 

photovoltage that is a result of the junction of the surface layer and the bulk material where 

the sulfur annealed pyrite’s surface layer creates the same junction although the thickness 

of the surface layer is much thinner, so much so that electrons can tunnel through so that 

there is no separation of charge carriers which results in no photovoltage.  

It was successfully demonstrated that synthetic pyrite results in higher photovoltage 

values than those measured for the natural pyrite. Synthetic pyrite also has the advantage 

of repeatability. The inconsistencies of natural pyrite make it hard to study its 
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photoelectrochemical properties consistently. Now that CVT substrates provide a 

consistent substrate for HTSG of pyrite, HTSG itself can be optimized and studied. Ideally 

the HTSG onto CVT pyrite could be improved to a degree which allows for the removal 

of the CVT substrate so that the properties of standalone HTSG can be determined. This 

researched has shown that the photovoltage is dependent on the method of growth. 

Isolating HTSG pyrite is imperative to determine its photovoltage.  

Surface treatments improve the photovoltage of pyrite. The cause of this 

improvement needs to be determined. This research suggests that the cause may be the 

increased thickness of the surface layer. A more thorough investigation involves the 

optimization of the etching for a correlation of etching parameters to photovoltage, and the 

surface layer. The etching still done in sulfuric acid but varying the electrochemical 

potential at which it is held to thermodynamically control the reactions on the surface. The 

photovoltage measured as described in this document and the surface layer monitored with 

photoelectron spectroscopy with the high sensitivity of angle resolved and the ability to 

tune the beam with a synchrotron source. This will provide the most surface sensitive 

information.  

Attempts can also be made to functionalize the surface of pyrite to increase the 

photovoltage by replacing defects on the surface with a new chemical identity. This is 

thought to remove the surface defects, eliminating unwanted energy levels that they create 

within the bandgap. The photovoltage can be measured in an electrochemical cell and high 

sensitivity angle resolved synchrotron photoelectron spectroscopy can be used to determine 

the identity and binding energies of the surface molecules.  
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Pyrite has been doped to change its p- and n-type character. The technique of using 

the CVT growth in this research, with a natural substrate to grow off of and then removing 

it, leaving a standalone synthetically grown CVT crystal, can be further modified. It could 

be thinned and then doped on either side by thermal diffusion of dopant elements. Another 

route for doping would involve doping during the CVT growth process. Either way a p-n 

junction should be able to be made and allow for optimizing and full use of the pyrite’s 

bandgap. This is another step forward that could be taken for pyrite research and is believed 

to move around the surface problems of pyrite. This may be a difficult process as pyrite is 

very absorbing of light. The geometry of this junction would have to be optimized for the 

optimal charge separation by light reaching the depletion region at the junction to optimize 

the photovoltage. 

.   
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Appendix: Calculated isotope abundances 

For all combinations 

Abundances of different pyrite isotopes. The isotopes of each element are listed along 

with the molecular weight of the sum. The natural and modified amounts are calculated 

by multiplying the corresponding abundances of each isotope together. The variation is 

multiplying the abundances by two when the isotopes of sulfur are not the same to 

represent the two different forms FeS1S2 and FeS2S1. Without this the sum is not equal 

to1 as can be seen at the bottom of the table.  

Fe S1 S2 MW Natural Variation (2x) Modified Variation (2x) 

54 32 32 118 5.3E-02 5.3E-02 4.7E-02 4.7E-02 

54 32 33 119 4.2E-04 8.4E-04 3.8E-04 7.6E-04 

54 32 34 120 2.4E-03 4.8E-03 4.9E-03 9.8E-03 

54 32 36 122 1.1E-05 2.2E-05 1.0E-05 2.0E-05 

54 33 33 120 3.4E-06 3.4E-06 3.0E-06 3.0E-06 

54 33 34 121 1.9E-05 3.8E-05 3.9E-05 7.8E-05 

54 33 36 123 8.9E-08 1.8E-07 8.0E-08 1.6E-07 

54 34 34 122 1.1E-04 1.1E-04 5.1E-04 5.1E-04 

54 34 36 124 5.0E-07 1.0E-06 1.0E-06 2.1E-06 

54 36 36 126 2.3E-09 2.3E-09 2.1E-09 2.1E-09 

56 32 32 120 8.3E-01 8.3E-01 7.4E-01 7.4E-01 

56 32 33 121 6.6E-03 1.3E-02 5.9E-03 1.2E-02 

56 32 34 122 3.7E-02 7.5E-02 7.7E-02 1.5E-01 

56 32 36 124 1.7E-04 3.5E-04 1.6E-04 3.1E-04 

56 33 33 122 5.3E-05 5.3E-05 4.8E-05 4.8E-05 

56 33 34 123 3.0E-04 6.0E-04 6.2E-04 1.2E-03 

56 33 36 125 1.4E-06 2.8E-06 1.3E-06 2.5E-06 

56 34 34 124 1.7E-03 1.7E-03 8.0E-03 8.0E-03 

56 34 36 126 7.9E-06 1.6E-05 1.6E-05 3.2E-05 

56 36 36 128 3.7E-08 3.7E-08 3.3E-08 3.3E-08 

57 32 32 121 1.9E-02 1.9E-02 1.7E-02 1.7E-02 

57 32 33 122 1.5E-04 3.1E-04 1.4E-04 2.7E-04 

57 32 34 123 8.6E-04 1.7E-03 1.8E-03 3.6E-03 

57 32 36 125 4.0E-06 8.0E-06 3.6E-06 7.2E-06 

57 33 33 123 1.2E-06 1.2E-06 1.1E-06 1.1E-06 

57 33 34 124 6.9E-06 1.4E-05 1.4E-05 2.8E-05 

57 33 36 126 3.2E-08 6.4E-08 2.9E-08 5.8E-08 

57 34 34 125 3.9E-05 3.9E-05 1.8E-04 1.8E-04 

57 34 36 127 1.8E-07 3.6E-07 3.7E-07 7.5E-07 

57 36 36 129 8.5E-10 8.5E-10 7.6E-10 7.6E-10 
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58 32 32 122 2.5E-03 2.5E-03 2.3E-03 2.3E-03 

58 32 33 123 2.0E-05 4.1E-05 1.8E-05 3.7E-05 

58 32 34 124 1.1E-04 2.3E-04 2.4E-04 4.7E-04 

58 32 36 126 5.4E-07 1.1E-06 4.8E-07 9.6E-07 

58 33 33 124 1.6E-07 1.6E-07 1.5E-07 1.5E-07 

58 33 34 125 9.2E-07 1.8E-06 1.9E-06 3.8E-06 

58 33 36 127 4.3E-09 8.6E-09 3.8E-09 7.7E-09 

58 34 34 126 5.2E-06 5.2E-06 2.5E-05 2.5E-05 

58 34 36 128 2.4E-08 4.8E-08 5.0E-08 1.0E-07 

58 36 36 130 1.1E-10 1.1E-10 1.0E-10 1.0E-10 

   Sum 9.5E-01 1.0E+00 9.1E-01 1.0E+00 

 

For each molecular weight of pyrite 

Abundance of each molecular weight, each molecular weight’s ratio of abundance to the 

abundance of the molecular weight of 120 for both the natural abundances and the 

modified abundances. The ratio of these two numbers to determine the biggest 

differences between the two.  

 

M.W. FeS2A xA/120A FeS2MA xMA/120MA (xMA/120MA)/(xA/120A) 

118 5.3E-02 6.3E-02 4.7E-02 6.3E-02 1.0 

119 8.4E-04 1.0E-03 7.6E-04 1.0E-03 1.0 

120 8.3E-01 1.0E+00 7.5E-01 1.0E+00 1.0 

121 3.2E-02 3.9E-02 2.9E-02 3.9E-02 1.0 

122 7.8E-02 9.4E-02 1.6E-01 2.1E-01 2.2 

123 2.4E-03 2.8E-03 4.8E-03 6.4E-03 2.3 

124 2.3E-03 2.7E-03 8.8E-03 1.2E-02 4.3 

125 5.2E-05 6.2E-05 2.0E-04 2.6E-04 4.2 

126 2.2E-05 2.7E-05 5.8E-05 7.7E-05 2.9 

127 3.7E-07 4.5E-07 7.6E-07 1.0E-06 2.2 

128 8.5E-08 1.0E-07 1.3E-07 1.8E-07 1.7 

129 8.5E-10 1.0E-09 7.6E-10 1.0E-09 1.0 

130 1.1E-10 1.4E-10 1.0E-10 1.3E-10 1.0 
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