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Introduction
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1.1 Importance of electrical energy

As fossil fuel reserves are depleted and concern over global climate rises, alter-

native sources of electricity become ever more attractive. Factor in the increase in

demand from the growing human population, and it is clear that development of

technologies to generate electrical energy from hydroelectric, wind, nuclear, and so-

lar sources is extremely important. Nuclear power remains controversial because of

safety concerns and the final disposal of spent fuel. Hydroelectric and wind energy, of

course, are already important components of the electrical grid, but they are limited

by the availability of moving water sources and steady wind currents. With approxi-

mately 125,000 TW of solar radiation striking the earth at any given time,1 electricity

generation from the sun has the greatest potential for growth. This is much more

power than both the 13 TW/yr the entire human population used in 2007 and the

30 TW/yr projected demand in 2050.1

As is often the case when theory is put into practice, actual photovoltaic (PV)

energy generation falls far short of the vast potential. In 2003, PV in the United States

produced only 0.1% of the amount of electricity that was generated by fossil fuels.1

While PV capacity has grown significantly since then, according to a February 2010

retail survey, electricity generated from solar panels costs $0.351/kWh,2 while the

average residential customer in the United States paid $0.116/kWh in 2009.3 This

price difference demonstrates that the cost of PV must still decrease significantly

before it becomes competitive with entrenched wind, hydroelectric, and fossil fuel

generated power.

In order to accomplish this ambitious goal, new material systems and process-

ing techniques must be developed, and this dissertation explores both. Choosing

promising materials requires consideration of the basic components and operation of
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a PV cell and the influence of crystal structure and composition on a compound’s

optical and electrical properties. Background for both topics is given below, along

with a summary of the state-of-the-art solar cell absorbing materials to provide target

properties. Another promising cost-reduction strategy is to move from single crys-

tal Si-based devices (February 2010 module price $2.37/Wp2) to polycrystalline thin

film devices (February 2010 module price $1.76/Wp2). Solution deposition of the

polycrystalline films could cover large surface areas quickly, providing a pathway to

increase manufacturing speed and further reduce the cost of the final PV module. To

explore this approach, this work utilizes spin coating to deposit aqueous precursors.

Details of that technique are also discussed below along with some comments on the

flowing gas technique that is also employed throughout this dissertation.

1.2 Efficient solar energy absorption

A typical solid state solar cell is a heterojunction formed between n- (majority

carrier electrons) and p- (majority carrier holes) type semiconductors whose purpose

is to absorb sunlight and produce electron/hole pairs (e−/h+). To extract electrical

current from this device, it is imperative than the e−/h+ be separated, and drift and

diffusion are the two mechanisms that drive this separation.4 Carrier drift occurs

in response to the electrostatic field created by the lattice-bound cations and anions

at the heterojunction that are left when the intrinsic e− from the n-type material

recombine with the h+ in the p-type material (Figure 1.1a). This field accelerates

electrons toward the n-type layer and holes toward the p-type layer. Once e− and

h+ have reached the n- and p-layers, diffusion takes over, and the electrochemical

potential gradient formed between the regions of high carrier concentration near the

heterojunction and the lower carrier concentrations near the contacts drives the e−
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and h+ out of the solar cell. This process is depicted in Figure 1.1b.

Another device option is the p-i-n junction in which a very thin insulating layer

(referred to hereafter as the absorber) is inserted between the p- and n-type layers.

p-i-n junction cells provide an important advantage over the more common p-n junc-

tion because they allow desired properties to be divided between materials. As a

result, the absorber can be chosen to have a specific band gap to absorb light of de-

sired wavelength. This flexibility is crucial because the solar spectrum has significant

intensity only over certain wavelength ranges.4 The p- and n-layers are then selected

for the higher mobility required for efficient carrier extraction and current generation,

along with sufficiently large band gaps to transmit visible light to the absorber. An

additional benefit of the p-i-n structure is that e−/h+ generated in the absorber are

inside the space charge region where they are much more likely to be separated than

carriers in a p-n junction device which could be generated anywhere in the p- or

n-layers.

The most important figure of merit for a solar cell is its power conversion efficiency,

or the amount of electricity that is generated relative to the light irradiating the

device. The efficiency is calculated as follows:

η =
VocIscFF

EtotA
(1.1)

where Voc is the open circuit voltage, Isc is the short circuit current, A is the area

of the solar cell, and Etot is the total incident irradiance. FF, the fill factor, is a

normalized parameter that gives an indication of the ideality of the device. Voc

and Isc are both limited by the optical band gap of the absorber. That band gap
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dictates the minimum energy that photons must have to excite e− and create e−/h+,

so it is directly proportional to Voc. At higher wavelengths, however, there are fewer

photons available from the sun, and when small numbers of e− are excited Isc will also

be small. Since Voc and Isc are inversely related to each other, intermediate absorber

band gaps of 1.0 - 1.6 eV are required to maximize sunlight conversion efficiency in

single heterojunction solar cells.4

If multiple heterojunctions are stacked together to create multijunction solar cells,

the theoretical efficiency that can be generated also increases. While the maximum

possible efficiency for a single heterojunction solar cell with an absorber band gap of

1.1 eV operating at sea level is 33%, a double heterojunction with one absorber band

gap of 1.4 eV and the other at 0.7 eV has a theoretical efficiency of 60% under the

same conditions.5 An actual multijunction solar cell consisting of InGaAs/GaAs/Ge

has been measured at 34% efficiency under concentrated light.5

What all of this means is that the chief factors impacting material choice for the

layers in a working PV device are optical band gap, majority carrier concentration

and type, and mobility. A useful absorber can have a band gap in the range of 0.7

to 1.6 eV, and it should also have a low carrier concentration so photo-generated

carriers do not immediately recombine. High mobility and larger band gap p- and

n-type window layers are also important to let light through to the absorber and then

extract the e− and h+ produced by that light.

1.3 Leading absorber materials

State-of-the-art solar cell manufacturing utilizes Si, CdTe, or CuIn1−xGaxSe2

(CIGS) in p-n junction configurations. Because of concomitant development in the

semiconductor industry, Si PV technology is the most advanced, and it can be pro-
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duced in single crystal, polycrystalline, amorphous, and ribbon forms. In 2006, 97.2%

of all PV cells produced utilized some form of Si as the absorber, and the best module

efficiencies were 22.7%.1 There is a major limitation however, in that single-crystal

Si is expensive to process. The clear interest in decreasing the cost of PV has spurred

the development of the alternative thin film absorbers CIGS and CdTe, and Table

1.1 provides some important optical and electrical properties of all three materials for

comparison.

At ambient pressure, CdTe crystallizes in the cubic sphalerite structure (Figure

1.2) with Cd2+ forming a face-centered cubic array and Te2− occupying 1
2

of the

tetrahedral holes.6 Both ions have four nearest neighbors in tetrahedral arrangements.

When CdTe thin films are deposited in vacuum as part of a solar cell, the material can

also adopt the hexagonal wurtzite structure.6 Cd2+ and Te2− are still tetrahedrally

coordinated, but the second-nearest neighbor spheres are slightly different. Both

CuInSe2 and CuGaSe2 crystallize in the chalcopyrite structure, so it is not surprising

that In3+ and Ga3+ can be alloyed in any combination to form CIGS. The chalcopyrite

structure is closely related to the sphalerite structure, and it is formed by stacking

two sphalerite unit cells together and replacing the Cd2+ with Cu+, In3+, or Ga3+

as shown in Figure 1.3. As with Te2− in sphalerite CdTe, Se2− occupies 1
2

of the

tetrahedral holes in the chalcopyrite lattice.

At 11%7 the best reported CdTe and CIGS modules have only half the efficiency

of the best single-crystal Si devices. The thinner layers of CdTe and CIGS that can

be utilized because of their large absorption coefficients (Table 1.1) overcome this,

however, and the thin film-based devices are still considerably cheaper than single

crystal Si cells. Unfortunately, based on known mineral reserves and extraction costs,

CdTe and CIGS do not have good long term potential for the sort of large scale
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deployment required to meet projected world electrical energy needs.8 There is clearly

need for even more improvement.

1.4 Prediction of electrical and optical properties from crys-

tal structures

If the current absorbers Si, CdTe, and CIGS are not able to able to provide

cost-effective PV electrical energy, new materials are clearly needed. With over 100

elements in the Periodic Table and an infinite number of possible combinations, good

search strategies will be required to focus efforts in productive directions. A common

theme of the three absorbers discussed above is the tetrahedral environment of each

element or ion. e− and h+ can not move from one lattice site to another unless

there is a bond connecting them, and the tetrahedral bonding provides pathways in

multiple directions. When numerous routes are available, photogenerated carriers

in Si, CdTe, and CIGS can move quickly through the respective lattices and reach

electrical contacts. High symmetry is therefore one characteristic to look for when

choosing new absorbers.

While carrier mobility through a structure is an important consideration, perhaps

the most significant property of an absorber is the optical band gap defined by the

filled valence and empty conduction bands. Filled outer shell atomic orbitals will typ-

ically contribute to a material’s valence band, while empty orbitals should fall in the

conduction band. While p-block metal ions like In3+ and Ga3+ have either completely

full or empty s-, p-, and d -orbitals, transition metal ions often have partially filled

d -orbitals. High symmetry environments like tetrahedral or six-coordinate octahedral

will split these valence shell d -orbitals into higher and lower energy groups, and these

groups will usually end up in both the valence and conduction bands. As a result,
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the coordination environment of transition metals in a crystal structure is a good

metric for predicting the optical band gap of the material, and in high coordination

the transition metals should produce the larger optical band gaps characteristic of

semiconductors. If the site coordination number is lower than four, the d -orbitals will

split into more than two groups, which effectively decreases the band gap.

Majority carrier concentration and type, the other important material properties

of efficient solar absorbers, are unfortunately more difficult to predict. When moving

from a well characterized compound to a relatively unknown but compositionally and

structurally similar one, the majority carrier type will often remain the same. Since

the established thin film absorber compounds are both p-type, other Cd- or Cu-based

chalcogenides could reasonably be expected to be p-type also. Carrier concentration,

however, can only be measured after successful material synthesis is achieved.

1.5 Precursor chemistries for spin coating and flowing gas

reactions

In addition to considering new absorber materials, thin film solution deposition via

spin coating of aqueous solutions is described. Since the band gaps of the deposited

metal oxides are too large to be useful solar absorbers, they are further treated with

flowing H2S (g) to convert to lower gap sulfides.

Spin coating itself is a simple process.9 A thick layer of liquid made up of carefully

chosen chemical species and solvents is dispensed onto the surface of the substrate.

That substrate is then rapidly rotated (1000 rotations/min or faster) to generate

centrifugal force. The liquid flows radially outward, and some precursor is lost as

droplets from the edges of the substrate. Simultaneous solvent loss and film thinning

increase the concentration of the remaining solids, which in turn increases the viscosity
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of the liquid film. After an equilibrium thickness is achieved, the film is treated with

heat to polymerize it and drive off any remaining solvent.

While spin coating is straight forward, development of appropriate aqueous pre-

cursors to deposit dense metal oxide films is not. The metal-ligand clusters must

be stable enough to remain soluble, and yet require little activation energy to poly-

merize and densify to a solid film. The former goal can be realized by the common

practice of including large organic ligands, but that strategy then requires significant

and disruptive thermal treatment to remove those ligands. Such processing is likely

to produce rough and porous metal oxide films which cannot be integrated into a

working solid state device where additional layers must be added on top. A better

route works with the natural hydrolysis

[M(H2O)6]
z+ + H2O → [M(H2O)5(OH)](z−1)+ + H3O

+

and condensation

2 M(OH) → M 〈
OH

OH
〉 M → M-O-M + H2O

that all metals undergo in aqueous solution.10 In conjunction with choosing ligands

that decompose at low temperatures to form volatile products, this strategy has

proven successful for the solution deposition of ZnO thin films.11

All reactions are driven by the availability of reactants and slowed by the presence

of products. In a flowing gas system these species are described by their partial pres-

sures, which are primarily controlled by gas flow rate. High flow rates will increase

the overall reaction rate by supplying a large excess of reactants and carrying away

volatile products. Conversely, then, slower flow rates and therefore slower reactions

can significantly change reaction mechanisms. Another useful aspect of flowing gas
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reactions is that they enable the decomposition of metal salts to produce small, re-

active particles in-situ, which is particularly advantageous for reactions that require

easily oxidized metal species. With the appropriate salt, it may also be possible to

carry out these reactions at low temperatures to avoid sintering the solid particles

before they can react with the flowing gas.

1.6 Summary and Perspective

Two approaches to reducing the cost associated with PV energy generation are

discussed in this dissertation. First, readily available materials that are prevalent in

the earth’s crust are considered, and the structures of these compounds are used to

choose other promising compositions that are largely uncharacterized. Such readily

available sources will help to reduce manufacturing costs. It is not enough to simply

use abundant materials, however. These materials must also be deposited in thin

film form over large areas, so the second approach to reducing cost is to explore the

solution deposition of metal oxides. Both solution deposited thin films and some bulk

powders are treated under flowing gas to investigate their conversion to chalcogenides,

thus demonstrating a route to materials with a wide range of optical band gaps.

Chapters 2, 5, and 6 detail exploration of several Fe and Cu-based chalcogenides

and chalcogenide fluorides. These materials are Fe2XS4 (X = Si, Ge), Cu3TaQ4 (Q =

Se, Te), and BaCuQ’F (Q’ = S, Se, Te), and they were chosen based on similarities to

binary FeS2 pyrite and Cu2Q’. The binaries are p-type semiconductors with optical

band gaps of 0.9 to 1.2 eV,12–14 and this work demonstrates that the additional

elements in the more complex compounds increase their band gaps while retaining

the p-type character of the simpler compounds. Since FeS2 pyrite itself is a promising

solar absorber,8,12 Chapters 3 and 4 describe the solution deposition of two different
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aqueous precursors and their subsequent conversion to sulfides under flowing H2S (g).

One precursor is similar to the salt Fe2(C2O4)3, while the other is made up of iron

hydroxide nitrate clusters formed through controlled hydrolysis. While the optical and

electrical properties of the final 100 nm thick FeS2 pyrite thin films prepared from

both precursors are very similar, scanning electron microscopy images demonstrate

that the films produced from the iron hydroxide nitrate precursor are much denser.

This makes the iron hydroxide nitrate route the more viable for producing a pyrite

absorber that can be successfully integrated into a working PV device.
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Figure 1.1: a) A typical p-n solar cell, and b) the corresponding energy band
diagram.
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Figure 1.2: Crystal structure of sphalerite CdTe.
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Figure 1.3: Crystal structure of tetragonal Cu(In,Ga)Se2.
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Table 1.1: Optical and electrical properties of commercial solar absorbers.6,15, 16

Mobilities given are for single crystals.
Absorber Eg (eV) α (cm−1) Majority Carriers µ (cm2/V·s)
Si 1.1 103 (hν ≤ 800 nm) e−/h+ 1400 (e−)/470 (h+)
CIGS 1.0 - 1.2 105 (hν ≤ 880 nm) h+ 15 - 150
CdTe 1.5 104 (hν ≤ 730 nm) h+ 50 - 80
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2.1 Introduction

In this contribution, we describe the optical and electrical properties of the ternary

sulfides Fe2XS4 (X = Ge, Si). We have been prompted to examine these materials

on the basis of structural similarities to FeS2 pyrite and the long-standing interest in

pyrite as a thin-film solar absorber. FeS2 pyrite is a well-known cubic sulfide with

Fe2+ octahedrally coordinated by S atoms in S2−
2 dumbbells. The electronic structure

of pyrite is characterized by a valence band of nonbonding Fe 3d -t2g orbitals and a

conduction band of Fe 3d -eg and S 3p orbitals.1 Reported single crystal electron

and hole mobilities are as high as 300 cm2/V·s,1,2 and thin-film hole mobilities of 5

cm2/V·s have been demonstrated.2 An optical indirect band gap of 0.9 - 0.95 eV and

an absorption coefficient reaching 105 cm−1 for wavelengths shorter than 1 µm make

the material especially attractive for thin-film solar applications.1–3 The abundance

of Fe and S also add economic incentive to the development of FeS2 pyrite.4

The promise of FeS2 pyrite as a solar absorber has yet to be realized, however,

due in part to the apparent difficulty of producing high-quality single-phase material.

Defects in the sulfur sublattice create states inside the band gap.5,6 These defect

states have been shown to pin the Fermi level, leading to open circuit voltages in

photoelectrochemical cells that are significantly lower than the value associated with

the optical band gap.7,8

To potentially circumvent the problems with the Fermi-level pinning, we are con-

sidering the potential of other more complex Fe chalcogenides. In sulfides, Fe is known

to occupy six- (octahedral) or four-coordinate (tetrahedral) sites. Tetrahedral coordi-

nation will produce a small crystal field splitting of the Fe d orbitals and a band gap

that is too small for a useful solar absorber. The chalcopyrite CuFeS2, for example,

contains Fe in a tetrahedral environment; its band gap is 0.5 eV.9 Therefore, only
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materials containing octahedrally coordinated Fe2+ will be of interest. In ternary and

other high-order sulfides, these environments will be realized when the matrix con-

tains other metals that form strong covalent bonds to S. This covalency will deplete

electron density around the Fe ion and force formation of the desired six-coordinate

environment. These considerations led us directly to the title materials. The strongly

covalent X-S interactions contribute to the stabilization of Fe2+ in a slightly distorted

octahedral environment while also providing a mechanism for limiting S vacancies.

Fe2XS4 crystallize in the well known olivine structure (Figure 2.1). The S anions

form an approximately hexagonal close packed arrangement with half of the octahe-

dral sites filled by Fe2+ and 1
8

of the tetrahedral holes occupied by X4+.10 There are

two distinct, distorted octahedral Fe sites in the structure. One is characterized by a

center of symmetry. These octahedra share edges to form infinite chains along the b

axis. This connectivity differs from that of pyrite, where the Fe-centered octahedra

share only vertices. The other octahedra in the Fe2XS4 structure, characterized by a

mirror plane orthogonal to the b axis, bridge the edge-sharing chains. The octahedral

chains are further connected along the c axis by XS4−
4 tetrahedra.

Aside from reports on the structural and magnetic properties,10–12 little is know

about the behavior of Fe2XS4. They have yet to be examined optically or electrically,

vital characteristics for determining suitability as solar absorbers. In this paper, we

report results from such measurements on polycrystalline samples, correlating findings

to band structure calculations and making comparisons to FeS2 pyrite.
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2.2 Experimental

2.2.1 Synthesis

Stoichiometric amounts of the metal powders (Alfa Aesar, ≥99.9%) were ground

with sulfur powder (Alfa Aesar, 99.5%) and sealed in evacuated silica tubes. Polycrys-

talline Fe2GeS4 was produced via heating at 750 ◦C for 48 h, and powder Fe2SiS4 was

synthesized by heating at 1075 ◦C for 72 h. A tube furnace with three-zone control

(Carbolite) was used to maintain a uniform temperature profile across the sample.

Tubes containing Fe2SiS4 were opened and the material from the tube ground in a

N2-filled glovebox. Fe2GeS4 powders were ground in air. Pellets of 9.5- or 13-mm

diameter were produced by cold pressing at 1.5 - 2 tons, and then sintered at 20,000

psi in a hot isostatic press (AIP6-30H, American Isostatic Presses, Inc) with Ar (g).

Fe2GeS4 pellets were heated at 900 ◦C for 3 h, and Fe2SiS4 pellets were heated at

1075 ◦C for 4 h. Final pellet densities were approximately 70% of theoretical values.

Single crystals of Fe2GeS4 were prepared by combining the powders described

above with I2 and then sealing in evacuated silica tubes. The tubes were heated at

980 ◦C for one day, and then maintained at 900 ◦C for three days before cooling to

500 ◦C at 8 - 10 ◦C/h. Final cooling to room temperature was not controlled.

2.2.2 Characterization

X-ray diffraction (XRD) was performed on powders by using a Rigaku MiniFlex

II diffractometer with Cu Kα radiation. Electron probe microanalysis (EPMA) was

performed on the pellets by using a Cameca SX-100. Elemental Fe, Ge, and Si

were used as standards for the respective elements, natural pyrite was used as the S

standard, and Al2O3 was used as the O standard. Each Fe2XS4 pellet was sampled
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over several hundred microns, and at least 12 points were used to calculate the final

elemental ratios.

Room-temperature resistivity was measured in the van der Pauw geometry on Hall

Measurement System version 2.4.1 from Lake Shore Cryotronics, Inc. Temperature-

dependent resistivity data were collected in the four collinear probe configuration on

a system designed and built in-house. Majority-carrier type was determined from

Seebeck measurements by using the same in-house system.

Optical band gaps were determined from diffuse reflectance measurements on the

powders.13 Data were collected by using a Si photodiode mounted on an Oriel 70491

integrating sphere. The sample was placed in a ceramic holder beneath the sphere,

and light from a W lamp was directed through a double monochromator (Oriel 77250)

and a series of mirrors into the top of the sphere. The reference powder was MgO.

Transmission experiments were performed with an UV-visible (HR4000) detector and

a deuterium tungsten halogen light source (DH-2000-BAL) from Ocean Optics.

2.2.3 Band Structures

The electronic structures of Fe2GeS4 and Fe2SiS4 were computed with the code

Wien2k14 in the full-potential linearized augmented plane-wave (LAPW) formalism

with the PBE generalized gradient approximation. The crystal-structure parameters

of Fe2SiS4 and Fe2GeS4 were taken from published data.10 The muffin-tin radii were

set to 2.45 au for Fe and 1.98 au for Si and S for the calculations on Fe2SiS4, and

to 2.44 au for Fe and 2.06 au for Ge and S for the calculations on Fe2GeS4. The

potentials and charge densities were expanded on a k-mesh of 3570 points in the

Brillouin zone, including 495 unique k points. Inside the spheres, these quantities

were expanded up to l = 10. The calculations were iterated until the total energies
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and charge converged to better than 0.1 mRy and 10−3 e, respectively.

Total and partial densities of states and dispersion curves for Fe2SiS4 were also

calculated with the semi-empirical extended Hückel tight binding (EHTB) method

by using the software package Caesar.15 The sample size included up to 5 nearest-

neighbor cells.

2.3 Results

2.3.1 Experimental results

Preparation of the compounds Fe2XS4 by using high-temperature methods must

account for two main issues. One is the high vapor pressure of the XS2 components

at high temperatures. While XS2 vapor should be a favorable reagent for reaction

with FeS to form the final product, the equilibrium

Fe2XS4 (s) ⇋ 2FeS (s) + XS2 (g)

can lead to segregation of SiS2 or GeS2 from the bulk.10,11, 16 Because of the tem-

perature dependence of the equilibrium constant, segregation will be exacerbated if

samples are heated across a temperature gradient. To minimize gradients, we have

used a three-zone tube furnace to maintain uniform sample heating. The other im-

portant consideration is the oxophilic character of Si. The ready hydrolysis of SiS2

upon exposure to moist air, resulting in the formation of SiO2, has been described.10

It is also possible that Fe2SiS4 crystallites could exhibit a similar reactivity. To limit

these potential problems, all Si-containing samples have been handled under dry N2

(g).

XRD data from multiple samples were consistent with the formation of Fe2SiS4

or Fe2GeS4. All lines in the patterns could be indexed on the basis of the previously
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reported orthorhombic unit cells. Unit cell parameters calculated from the data are

given in Table 2.1, and unit cell volumes are within 0.5% of published values.10 EPMA

data (Table 2.2) from sintered pellets are consistent with expected stoichiometries.

These data also indicate that the Fe2SiS4 pellets are contaminated with oxygen. We

do not yet know the source of this impurity: initial synthesis, sintering, or exposure

to air between process steps. No oxygen was detected in the Fe2GeS4 pellets.

The Kubelka-Munk method was used to calculate k/s from reflection measure-

ments as a function of energy. k represents the energy-dependent absorption coeffi-

cient, and s is a constant scattering factor.13 These data are plotted as (E · k/s)2 vs

E in Figure 2.2 for both Fe2XS4 powders. Extrapolation of the steepest portion of the

curves to the abscissa produces a direct optical gap near 1.5 eV for each compound.

The transmission experiments with single crystals of Fe2GeS4 also show absorption

onset beginning at 1.56 eV (Figure 2.3). Since the crystals were 80 to 100 µm thick,

it was not possible to determine an accurate absorption coefficient. For comparison,

FeS2 pyrite has an indirect gap of magnitude 0.9 - 0.95 eV.1,17, 18 The direct nature

of the band gaps in Fe2XS4 provide a distinct advantage for solar applications. In

addition, the larger magnitudes provide a better match to the solar spectrum than

FeS2 pyrite.

The Seebeck coefficients at room temperature are 780 uV/K for Fe2GeS4 and 340

uV/K for Fe2SiS4, and they remain positive at all temperatures (Figure 2.4). Holes

are clearly the majority carriers in each of the Fe2XS4 compounds, which is consistent

with the presence of defects that deplete electrons from the Fe d -bands.

Room temperature electrical measurements in the van der Paaw configuration

produced resistivity values of 3.0·105 Ω-cm for Fe2SiS4 and 5.0·103 Ω-cm for Fe2GeS4

pellets. These data agree well with measurements using four collinear probes. Room-
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temperature values measured in the latter geometry are 2.8·105 Ω-cm and 3.2·103 Ω-

cm for Fe2SiS4 and Fe2GeS4, respectively. Four collinear probes were also used to

measure resistivity as a function of temperature, and these data are presented in

Figures 2.5 and 2.6. The resistivity of both Fe2XS4 compounds is semiconductor-

like, increasing with decreasing temperature. Flattening of the graphs in the low

temperature range is associated with the noise limit of the measurement system.

Temperature-dependent resistivity measurements may be used to elucidate the

nature of the conduction mechanism through a semiconductor. Carriers may move

by band conduction or through localized states in a hopping mechanism.19 In the case

of band conduction, a plot of log resistivity vs 1/T should produce a straight line with

the slope corresponding to the activation energy. If hopping conduction dominates,

a plot of log resistivity vs 1/T1/4 should be linear. For Fe2SiS4, neither model yields

a straight line (Figure 2.5). For Fe2GeS4 (Figure 2.6), careful comparison of the data

in the high temperature range reveals no significant difference in linearity between

the log resistivity vs 1/T1/4 and log resistivity vs 1/T plots, which is not unexpected

given the limited temperature range. Considering these electrical results and the

rather shallow slopes associated with the band edges in the optical measurements

(Figure 2.2), it is clear that defects are contributing significantly to the properties of

the powders. We are currently pursuing further experiments with single crystals to

better define the intrinsic characteristics of the materials.

2.3.2 Electronic Structures

Each of the Fe sites in the Fe2XS4 structure is characterized as a distorted octa-

hedron, with point group symmetries of D2h for Fe(1) and Cs for Fe(2). Fe-S bond

lengths vary from 2.461 to 2.600 Å in Fe2SiS4 and 2.449 to 2.629 Å in Fe2GeS4, and
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S-Fe-S angular deviations from an octahedral geometry are characterized by averages

of 5.0◦ for Fe2SiS4 and 4.6◦ for Fe2GeS4.
10 In these distorted octahedral geometries,

the Fe d orbitals will split into three lower energy and two higher energy states as

shown in Figure 2.7. Because the FeS6 distorted octahedra form edge- and vertex-

sharing chains and the XS4 distorted tetrahedra are isolated, carrier transport will

occur through bands dominated by Fe and S orbital character. The lower energy Fe

3d orbitals and intermixed S orbitals will define the valence band, while the higher

energy Fe 3d orbitals and overlapping S orbitals will define the conduction band.

As expected for isostructural compounds, the band structures and density of states

(DOS) calculated with Wien2k for both Fe2XS4 compounds are very similar. Repre-

sentative results for Fe2SiS4 are given in Figures 2.8 and 2.9. Band dispersion near the

valence band maximum (VBM) is generally low, except along the lines Γ - Y and Γ -

R. The former follows the edge-sharing Fe-S octahedra that extend along the b axis

of the structure, and the latter tracks a chain of edge- and vertex-sharing octahedra

along the unit cell diagonal. In contrast, the conduction band minimum (CBM) has

greater curvature than the VBM in all directions. This is consistent with the signifi-

cant overlap of the higher energy Fe 3d and S 3p orbitals and their contributions to

the conduction band DOS.

The lowest energy transition across the computed band gap of Fe2SiS4 occurs

along the Γ - Y line. It is direct with magnitude 0.25 eV. In Fe2GeS4, there is an

indirect transition of 0.23 eV from Γ to the Γ - Y line, and the direct transition at Γ

is 0.24 eV. Because the difference is so small, we also modeled the experimental data

collected from Fe2GeS4 powders to show the direct band gap. The LAPW method

is known to underestimate the magnitude of band gaps,20 so it is not surprising

that the experimentally determined values are higher than those predicted from the
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calculations.

Because of the similarities of the results from the Wien2k calculations for Fe2SiS4

and Fe2GeS4, Caesar calculations were limited to Fe2SiS4. The band structure and

DOS are qualitatively the same as those from the Wien2k calculations. Crystal

orbital overlap population (COOP) curves are given in Figure 2.10. In the COOP

curves, positive contributions correspond to bonding interactions, and negative values

correspond to antibonding interactions.18

The bonding in Fe2SiS4 can be evaluated by considering both the DOS and COOP

curves. As shown in Figure 2.9, Fe 3d and S 3p orbitals contribute to the valence

band. In Figure 2.10, a small Fe-S bonding peak at the lowest energy end of the

valence band, a much larger bonding peak in the mid-valence band, and finally a

small antibonding peak at the VBM are observed. Because of their orientations, the

lower energy Fe 3d - S 3p orbital overlap is characterized by π interactions, while

the higher energy Fe 3d - S 3p orbitals overlap directly in σ interactions. The small

bonding peak at the bottom of the valence band and the large peak in the mid-valence

band correspond to Fe 3d - S 3p π and σ bonding. The small antibonding peak at

the VBM is assigned to Fe 3d - S 3p π∗, and a large antibonding contribution to the

conduction band reveals the corresponding Fe 3d - S 3p σ∗. The Si-S COOP curve

in Figure 2.10 positions the strong bonding interactions. Similar results have been

reported for Si-O in silicates21 and Fe-Si or Re-Si in silicide carbides.22

Figure 2.11 provides the Wien2k predictions of absorption coefficient vs energy

for Fe2XS4. Both compounds have maxima of 3.7 · 105 cm−1. If the energy scale is

shifted to place the onset of absorption at the experimentally determined band gaps of

1.5 eV, the absorption coefficients reach 105 cm−1 at approximately 1.8 eV (690 nm).

These large magnitudes are consistent with the Fe 3d -rich character of the valence
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band and the more strongly mixed Fe 3d - S 3p character in the conduction band.

As a result, the electric-dipole moment matrix elements associated with the optical

transition increase, thereby enhancing the magnitudes of the absorption coefficients.

The band structure, DOS, and COOP results presented here provide pictures of

the electronic structures of both Fe2XS4 compounds that are very similar to that of

FeS2 pyrite.18 Chains of edge- and vertex-sharing Fe-centered octahedra in Fe2XS4

dominate both VBM and CBM in the form of Fe 3d - and S 3p-orbitals. Similar fea-

tures are observed in FeS2. Again like FeS2, absorption coefficients for both Fe2GeS4

and Fe2SiS4 are predicted to be on the order of 105 cm−1. There is a stark contrast

in the magnetic properties of these compounds, however. While FeS2 is only weakly

paramagnetic with primarily low spin Fe,1 the Fe2XS4 compounds are high spin with

four unpaired electrons on each Fe.11 Carrier excitation in Fe2XS4 is thus a spin-

pairing process, while in FeS2 paired electrons are separated into different orbitals.

2.4 Summary and Perspective

We have demonstrated that the sulfides Fe2XS4 (X = Ge, Si) are moderate band

gap (Eg ∼ 1.5 eV) p-type semiconductors. Band structure calculations predict direct

carrier transitions across the band gaps of Fe2XS4.

We began this study by anticipating that Fe2XS4 would have properties similar to

FeS2 pyrite. Each of the materials contains Fe2+ octahedrally coordinated by S, which

contributes to p-type conductivity. FeS2 pyrite has an indirect gap of magnitude

0.9 - 0.95 eV. The higher energy and direct band gaps of the Fe2XS4 compounds

are distinctly advantageous in thin-film photovoltaics, providing higher open-circuit

voltages and more efficient optical-to-electrical energy conversion. We conclude that

the Fe2XS4 sulfides are promising solar absorbers. As a result, we are pursuing thin
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film deposition and single crystal growth of Fe2SiS4 and Fe2GeS4 to better delineate

their optical and electrical properties and potential utility.
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Figure 2.1: Crystal structure of orthorhombic Fe2XS4, X = Si, Ge.
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Figure 2.2: Diffuse reflectance data collected from Fe2XS4 powders and modeled as
direct gap.
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Figure 2.3: Transmission data collected from a Fe2GeS4 single crystal.
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Figure 2.5: a) Log resistivity vs 1/T1/4 and b) vs 1000/T for Fe2SiS4 pellet.
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Figure 2.7: Molecular orbital diagrams for Fe2XS4. Eg is the band gap.

Figure 2.8: Band structure of Fe2SiS4 calculated with Wien2k.
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Energy (eV)
2

c)

Figure 2.9: Density of states for Fe2SiS4 calculated with Wien2k. The Fermi energy
is demarcated by the vertical dashed line at 0 eV. Contributions from p- or d -orbitals
are multiplied by the number of formula units in one unit cell (4) before summing to
obtain the total contributions from Fe or S. Note the significant differences between
the ordinate scales of the partial DOS.
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Figure 2.10: Crystal orbital overlap population curves for Fe2SiS4 calculated with
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Figure 2.11: Absorption coefficient vs energy for Fe2XS4 calculated with Wien2k.
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Table 2.1: Unit cell parameters for Fe2XS4.
a (Å) b (Å) c (Å) Volume (Å3)

Fe2SiS4 12.400(6) 7.190(3) 5.814(2) 518.3(4)
Fe2GeS4 12.479(4) 7.221(3) 5.910(2) 532.6(3)

Table 2.2: EPMA data for Fe2XS4 pellets.
Ideal stoichiometry S

Fe
X
Fe

O
Fe

Fe2SiS4 3.8 ± 0.5 1.0 ± 0.1 0.9 ± 0.6
Fe2GeS4 3.9 ± 0.2 1.00 ± 0.07 not detected



CHAPTER 3

Spin coated iron hydroxo-oxalate and conversion

to FeS2 pyrite
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3.1 Introduction

With a fundamental indirect optical band gap near 0.9 eV and an absorption

coefficient exceeding 105 cm−1 for wavelengths shorter than 1 µm,1–3 FeS2 pyrite

(hereafter pyrite) has the potential to be an excellent thin film solar absorber. Because

the absorption coefficient is so large, only 37 nm of pyrite is required to absorb 90%

of incident light,1 and therefore very little material is required in a working device.

Further economic incentives also drive the development. When compared with the

leading absorbers crystalline Si and thin film Cu(In,Ga)Se2 and CdTe, pyrite has a

significantly lower raw material extraction cost.4

Recognizing this potential, others have utilized vacuum deposition methods like

sputtering3,5 and metal organic chemical vapor deposition6–8 to grow pyrite thin films.

While techniques requiring vacuum systems are useful in development, successful

manufacturing must cover large areas quickly, making solution processing an appeal-

ing alternative. Thin films of 1 Fe:1 S have been electrodeposited from aqueous solu-

tions of Na2S2O3 and FeSO4,
9 Fe(NH4)2(SO4)2,

10 or FeCl2
11 and single phase pyrite is

formed with post deposition S anneal. Aqueous FeSO4 and (NH4)2Sx were alternately

spray pyrolyzed in air to produce amorphous films which crystallized as pyrite, FeS2

marcasite, and lower order sulfides after a 400 ◦C anneal in N2 (g).12 When these

films were annealed with H2S (g) instead, single phase pyrite formed. With S vapor

present during deposition, spray pyrolysis of aqueous FeCl3 and thiourea produced

pyrite, but the film morphology suffered from pinholes and cracks.13 Screen printing

pyrite powder14 provides a simplified route for stoichiometric control, but the films

are too thick (∼100 µm) for use as solar absorbers. It is clearly difficult to produce

dense, single phase pyrite from solution-based methods.

Since naturally occurring single crystals of pyrite are common, the best approach
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to dense, stoichiometric thin films may be along a route that mimics the growth

process of nature. Pyrite crystals likely form under hydrothermal conditions in the

Earth’s crust,1 where H2S is a prevalent S-source.15 The decomposition of H2S (g)

utilizing α-Fe2O3 as a catalyst produced pyrite at the surface,16 while S vapor reacts

with Fe2O3, Fe3O4, or amorphous Fe oxide thin films to produce single phase pyrite

without proceeding through lower order Fe sulfides.17,18 One approach to single phase

pyrite, then, begins with solution deposition of a dense, uniform Fe oxide film and

ends by reacting that film with H2S (g).

Based on these ideas, we have deposited smooth, amorphous Fe oxalate films from

a simple aqueous precursor. This chemistry takes advantage of rapid condensation,

which we have recently utilized to deposit exceptionally dense, uniform Zr and Hf

oxide sulfate19 and Al oxide phosphate thin films.20 To obtain pyrite, we reacted the

Fe oxalate films under flowing H2S (g) at elevated temperatures. The composition,

optical, and electrical properties of the resulting sulfurized films were then examined.

3.2 Experimental

3.2.1 Precursor synthesis

FeO(OH)·x H2O was prepared by rapidly mixing 1.0 mL 2 M Fe(NO3)3 (aq)

(prepared with solid Fe(NO3)3·9 H2O - Alfa Aesar, ACS, 98.0 - 101.0%) with 1.0 mL

3 M NH4OH (aq) (EMD Chemicals, ACS). After centrifugation, the supernatant was

decanted. Additional H2O was added, the combination was vigorously shaken, and

centrifugation was repeated. These rinse steps were repeated once more to remove

NO−

3 and NH+
4 . The supernatant was decanted after the final rinse, and the final

precipitate was dark reddish-brown solid.
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Fresh FeO(OH)·x H2O solid was re-dissolved in 3.5 mL 1 M H2C2O4 (aq) (prepared

with solid H2C2O4·2 H2O - J. T. Baker). Approximately 15 min of vigorous shaking

was required to complete the dissolution. The final Fe oxalate precursor solution was

transparent yellow and contained approximately 2 Fe3+:3 C2O
2−
4 with [Fe3+] = 0.2

M. All precursor solutions were used within several hours of preparation. Solution

preparation and precipitate rinsing were done with H2O purified to 18 MΩ resistivity.

3.2.2 Thin film preparation and anneals

Fe oxalate films were prepared by spin coating. Each substrate was coated with

the precursor and then spun at 3000 rpm for 30 s to form a single coat. The film

was heated for 2 min in air on a 300 ◦C hot plate after each coat. This process was

repeated five to ten times to build film thickness. Substrates included Corning 1737

glass, B-doped Si (0.02 Ω cm), and 200 nm thick SiO2 thermally grown on Si (Tox).

All substrates were cleaned by sonicating in a 5% Contrad 70 bath for 60 min at 45

◦C and then rinsing with 18 MΩ H2O.

Sulfurization was carried out by heating Fe oxalate films for 10 min at various

temperatures under flowing H2S (g). H2S (g) flow was maintained within the range

36 - 42 sccm through ramp up, dwell, and ramp down.

3.2.3 Thin film characterization

Polycrystalline phases in sulfurized Fe oxalate films were identified from X-ray

diffraction (XRD) data collected with Cu Kα radiation on a Rigaku Rapid diffrac-

tometer. Transmission Fourier transform infrared (FT-IR) spectra from a Fe oxalate

film on Tox were recorded on a Nicolet 5PC spectrometer, and the reference spec-

trum was collected from a bare substrate. The ratio of S to Fe was calculated from
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electron probe micro analysis (EPMA) data collected from a pyrite film prepared at

300 ◦C. Nine collinear positions were sampled with a Cameca SX-50 at three different

accelerating voltages (10, 15, and 20 kV). Elemental Si and natural pyrite were used

as standards for Si, Fe, and S, and MgO was used as the O standard. Quantitative

analysis was performed by comparing experimental k -ratios with simulated values in

Stratagem thin film composition analysis software.

Film morphology was evaluated with atomic force microscopy (AFM) and scan-

ning electron microscopy (SEM). AFM scans were performed on 0.25 µm2 regions

of Fe oxalate and sulfurized Fe oxalate films with a Veeco Nanoscope. SEM images

were obtained for Fe oxalate films and pyrite films produced at 300 ◦C. They were

collected on a ZEISS Ultra-55 microscope.

Room temperature electrical properties of pyrite films on 1737 glass sulfurized at

300 ◦C were evaluated with Hall and Seebeck measurements. Hall data were collected

on Hall Measurement System 2.4.1 from Lake Shore Cryotronics, Inc, and an in-house

designed and built system was utilized for Seebeck data collection.

Optical direct and indirect band gaps were estimated from transmission through

and reflection from a pyrite film on 1737 glass produced at 300 ◦C. Light from a

W bulb passed through a double monochromator (Oriel 77250) and then directed to

the film via a series of mirrors and lenses. A PbS detector was positioned to collect

reflected or transmitted light. Bare 1737 glass was used as the reference.
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3.3 Results

3.3.1 Precursor chemistry and film crystallization

Strategies to take advantage of prompt condensation to produce smooth, dense

metal oxide films are predicated on the interaction of the metal ion with ligands in

the aqueous solution. The pH of the final precursor was 1 - 2, and in this range the

oxalate anion will exist primarily in its monoprotic form: [HC2O4]
−.21 As a result, it

is most likely to coordinate to the Fe3+ in a bidentate fashion similar to that shown

in Figure 3.1, the Fe-C2O4 arrangement in the compound Fe2(C2O4)3·x H2O. While

the water content of this yellow-green amorphous solid can vary, the composition

Fe2(C2O4)3·6 H2O has been examined with IR and Raman spectroscopy.22 The two

Fe3+ ions are proposed to bridge three oxalate ligands, while the coordination of the

metal ions is completed by adjacent H2O ligands.

The thermal decomposition of these Fe-C2O4 molecules in air is an important

consideration for the conversion of Fe oxalate to the desired intermediate Fe oxide

film. The decomposition of Fe2(C2O4)3·5 H2O in air proceeds through several steps.23

Dehydration begins at approximately 150 ◦C, and most of the oxalate decomposition

is completed by 250 ◦C. Final crystallization as Fe2O3 occurs near 325 ◦C. Although

determining the chemical composition of a Fe oxalate film is beyond the scope of

this study, it is unlikely that much C2O
2−
4 is retained after the 300 ◦C curing step.

This is confirmed by the FT-IR spectrum of one Fe oxalate film, given in Figure 3.2.

Characteristic features of the oxalate group are present as broad, low intensity peaks

between 1300 and 1600 cm−1,24,25 and the sharp peak near 2350 cm−1 originates from

Fe-O modes.26,27 The even smaller peak at 1050 cm−1 is an artifact of a necessary

background subtraction to account for the substrate.
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The decomposition of Fe2(C2O4)3·5 H2O in air delivers polycrystalline Fe2O3 as

the final product. Fe oxalate films are amorphous, and only weak oxalate features

are present in FT-IR spectra. Based on these considerations and recalling that the

precursor contains 2 Fe3+:3 C2O
2−
4 , the following reaction is proposed for the liquid

to solid film transformation:

2 Fe2(C2O4)3·x H2O (aq) + 3 O2 (g) → 2 Fe2O3 (s) + 2x H2O (g) + 12 CO2 (g)

In order to incorporate it into a working solar cell, any thin film absorber must

be smooth and dense. This is a particular concern for the potentially disruptive

process of converting a metal oxide to a sulfide because many bonds must be broken

and new ones formed. Thermal energy is necessary to activate these processes, but

that energy can also allow undesired rearrangement and grain growth. To investigate

temperature effects on the Fe oxalate conversion to pyrite, a series of reactions at

different temperatures under flowing H2S (g) were examined. While several different

iron sulfide phases are observed in the XRD patterns (Figure 3.3), pyrite dominates

at and above 300 ◦C. This process likely proceeds as follows:

Fe2O3 (s) + 4 H2S (g) → 2 FeS2 (s) + 3 H2O (g) + H2 (g)

3.3.2 Morphology and stoichiometry

Thin film morphology is an important consideration for electrical applications

like solar energy absorption. The SEM cross-sectional image of a Fe oxalate film

(Figure 3.5) shows that it is smooth and dense with good substrate adhesion. The

crystallization coinciding with conversion to the final sulfide, however, causes signif-

icant roughening. Figure 3.4 provides root-mean-square (RMS) roughness vs anneal

temperature data collected via AFM. Because the RMS value doubled when the H2S
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reaction temperature increased from 300 to 400 ◦C, films treated at 300 ◦C were

chosen for all further characterization. The SEM cross-sectional image of one such

film is given in Figure 3.6. Despite the relatively low RMS roughness value, it is

obvious that the film reacted with H2S (g) at 300 ◦C is still porous and somewhat

delaminated from the substrate. The porosity in particular would allow short circuits

to form through the pyrite layer, posing significant barriers to successful integration

into a functional device.

The reported S/Fe of pyrite single crystals varies between 1.74 and 2.10, although

many of these values are taken from chemical analyses that required sample disso-

lution.28 Side products of typical acid-assisted dissolution are volatile species like

H2S or SO2, and loss of these gases would produce a smaller S/Fe than was actu-

ally present in the original crystal. Despite this uncertainty in the real stoichiometry

range of pyrite, what is clear is that open circuit voltages in photoelectrochemical cells

are significantly lower than that expected on the basis of the optical band gap.29,30

Both S- and Fe-vacancies have been proposed to create defect states inside the band

gap that pin the Fermi level and lead to the drop in open circuit voltage,28,31–33 so

stoichiometry control of pyrite thin films is a central concern. EPMA data collected

from a pyrite film prepared as part of this study produced a S/Fe of 1.99 ± 0.02, in

good agreement with the expected value. No O was detected. These data demon-

strate the efficiency of the relatively short 10 minute H2S (g) reaction, in contrast

with traditional sol-gel deposited Fe oxide films that were heated with S powder in

evacuated tubes for 20 h. The S to Fe ratio reported for these films was 1.9.34
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3.3.3 Electrical and optical properties

Independent of deposition technique, pyrite films are typically p-type,2 and the

films in this study are no exception. A typical Seebeck coefficient for the pyrite films

discussed here is 60 µV/K, where the positive sign indicates that holes are indeed the

majority carrier. Such character will occur when defects deplete electrons from the

Fe 3d -t2g levels in the valence band, and Fe-vacancies are an obvious candidate.

A typical resistivity measured is 3·10−1 Ω-cm. The sign of the Hall coefficient

varied from positive to negative during measurements on individual films, indicating

that the pyrite films produced from Fe oxalate have mobilities below the detection

limit of the instrument. Such behavior has been reported for pyrite thin films synthe-

sized by a variety of techniques,35 and low mobilities are consistent with the porous

morphology observed in Figure 3.6.

The wavelength-dependent absorption coefficient α can be extracted from trans-

mission (T) and reflection (R) data by using the relationship T/(1-R) = e−αd, when

the film thickness d is known. From Figure 3.6, a typical pyrite film produced from

Fe oxalate is 130 nm thick. Optical data collected from a similar film are plotted as

(αE)2 or (αE)1/2 vs E in Figure 3.7. By extrapolating the steepest portion of each

curve to the abscissa, we find an indirect optical gap of 0.90 eV and a direct gap just

below 1.4 eV. These are consistent with reported values1,17, 36, 37

3.4 Summary and Perspective

We have deposited smooth, amorphous Fe oxalate films from an aqueous precursor

and examined the conversion of these films to FeS2 pyrite via reaction with flowing

H2S (g). The 130 nm thick pyrite films prepared at 300 ◦C are p-type with an optical

indirect band gap of 0.9 eV. While these pyrite films are stoichiometrically satisfactory
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(FeS1.99±0.02), their coarse morphology makes them poor candidates for incorporation

into a working thin film solar cell.
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Figure 3.1: Coordination of Fe3+ by C2O
2−
4 in the Fe2(C2O4)3 molecule.
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Figure 3.2: FT-IR spectrum collected from a Fe oxalate thin film.
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Figure 3.3: XRD data collected from Fe oxalate thin films heated under flowing
H2S (g) at the specified temperatures. Dashed arrows represent FeS mackinawite,
and solid arrows represent FeS2 marcasite.
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Figure 3.4: RMS roughness vs anneal temperature calculated from AFM scans of
Fe oxalate thin films heated under flowing H2S (g) at the specified temperatures.
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Figure 3.5: SEM cross-sectional image of a Fe oxalate thin film.
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Figure 3.6: SEM cross-sectional image of a pyrite thin film.
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4.1 Introduction

FeS2 pyrite (hereafter pyrite) has often garnered attention, first in its mineral

form because its metallic luster mimics that of gold, and more recently for its optical

and electrical properties. It has been studied as a catalyst for oxygen reduction in

fuel cells,1 as a thermoelectric,2 and as an electrode in Li-ion batteries,3 but the

majority of the reported development has focused on producing thin films to act

as solar absorbers. With a fundamental indirect optical band gap near 0.9 eV and

an absorption coefficient exceeding 105 cm−1 for wavelengths shorter than 1 µm,4–6

only 37 nm of pyrite is required to absorb 90% of incident light.4 Not only is very

little pyrite required in a working device, but it has a significantly lower raw material

extraction cost than the leading absorbers crystalline Si and thin film Cu(In,Ga)Se2

and CdTe.7

Successful thin film manufacturing must cover large areas quickly, so solution

processing would be an ideal method to deposit pyrite. S-sources such as thiourea,

Na2S2O3, and (NH4)2Sx and the Fe salts FeSO4, FeCl2, FeCl3, and Fe(NH4)2(SO4)2

have been employed in aqueous solutions for electrodeposition8–10 or spray pyroly-

sis.11,12 None of these methods produced single phase pyrite thin films without a

post-deposition sulfurization or additional S vapor present during the deposition.

Screen printing pyrite powder13 provides a simplified route for stoichiometric control,

but the films are too thick (∼100 µm) for use as solar absorbers. It is clearly difficult

to produce true thin films of dense, single phase pyrite with solution-based methods.

Since naturally occurring single crystals of pyrite are common, the best approach

to dense, stoichiometric thin films may be along a route that mimics the growth

process observed in nature. Pyrite crystals likely form under hydrothermal conditions

in the Earth’s crust,4 where H2S is a prevalent S-source.14 The decomposition of H2S
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(g) utilizing α-Fe2O3 as a catalyst produced pyrite at the surface,15 while S vapor

reacts with Fe2O3, Fe3O4, or amorphous Fe oxide thin films to produce single phase

pyrite without proceeding through lower order Fe sulfides.16,17 One approach to single

phase pyrite, then, begins with solution deposition of a dense, uniform Fe oxide film

and ends by reacting that film with H2S (g).

Based on controlled hydrolysis, we have developed a simple aqueous precursor

that can be spin coated in air to form dense, amorphous iron hydroxide nitrate (IHN)

films. The deposition chemistry takes advantage of rapid condensation, which we

have recently utilized to spin coat exceptionally uniform and smooth Zr and Hf oxide

sulfate18 and Al oxide phosphate thin films.19 To obtain pyrite, we reacted the IHN

films under flowing H2S (g) at elevated temperatures. The composition, optical, and

electrical properties of the resulting sulfurized films were then examined.

4.2 Experimental Methods

4.2.1 Precursor synthesis and characterization

Solid Fe(NO3)3·9 H2O (Alfa Aesar, ACS, 98.0 - 101.0%) and Fe metal powder (Alfa

Aesar, 99+%) were dissolved and aged with stirring in a mixture of 80% methanol

(Mallinckrodt, ACS, anhydrous) and 20% H2O. The initial NO3/Fe was ∼2 with

[Fe] ∼ 0.2 M. After two days of aging, the transparent red IHN solution was dried

under flowing Ar (g) for another day to remove the methanol. The resulting gel was

redissolved in H2O and used immediately. Solution preparation and gel re-hydration

were carried out with H2O purified to 18 MΩ resistivity.

The decomposition of the intermediate IHN gel was evaluated with thermogravi-

metric analysis (TGA) in stagnant air. The sample was placed in an alumina boat,
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and heated at 10 ◦C/min in a Mettler Toledo TGA850. Freshly prepared gel was also

heated first in air at 150 ◦C for 60 or 120 min, and then in flowing H2S (g) at temper-

atures between 200 and 600 ◦C for 120 min. X-ray diffraction (XRD) was performed

on the powders with Cu Kα radiation on a Rigaku MiniFlex II diffractometer.

4.2.2 Thin film preparation and analysis

IHN films were prepared by spin coating the precursor solution at 3000 rpm for 30

s to form a single coat. The film was heated for 1 min in air on a 150 ◦C hot plate after

each coat. The spin coating and heating were repeated to build film thickness; these

films will be labeled “as-cured” in the remainder of this paper. Substrates included

Corning 1737 glass, B-doped Si (ρ = 0.02 Ω cm), and 200 nm thick SiO2 thermally

grown on Si (Tox). All substrates were cleaned by sonicating in a 5% Contrad 70

bath for 60 min at 45 ◦C and then rinsing with 18 MΩ H2O.

To evaluate the effects of hydration on the sulfide phase formed, some IHN films

were further heated in air (“air-heated” henceforth) at temperatures between 300 and

500 ◦C for 30 or 60 min. Sulfurization was carried out by heating as-cured and air-

heated IHN films for 10 to 60 min at various temperatures under flowing or stagnant

H2S (g). During the flowing reactions, H2S (g) flow was maintained within the range

36 - 42 sccm through ramp up, dwell, and ramp down. Polycrystalline phases in

sulfurized IHN films were identified from XRD data collected with Cu Kα radiation

on a Rigaku Rapid diffractometer.

Transmission Fourier transform infrared (FT-IR) spectra were collected from as-

cured and air-heated IHN films on Tox using a Nicolet 5PC spectrometer, with the

reference spectrum collected from a bare substrate. The ratios of S or O to Fe

were calculated from electron probe micro analysis (EPMA) data collected from as-
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cured and sulfurized IHN films. At least ten collinear positions were sampled with

a Cameca SX-100 microprobe at three different accelerating voltages (10, 15, and 20

kV). Elemental Si and natural pyrite were used as standards for Si, Fe, and S; MgO

was used as the O standard; and AlN was used as the N standard. Quantitative

analysis was performed by comparing experimental k -ratios with simulated values in

Stratagem thin film composition analysis software.

Film morphology was evaluated with scanning electron microscopy (SEM). Images

were collected from as-cured, air-heated, and sulfurized IHN films on a ZEISS Ultra-55

microscope.

Optical absorption coefficients and band gaps were determined from transmission

and reflectance data collected with UV-visible (HR4000) and IR (NIR256) detectors

from Ocean Optics. The light was generated by an Ocean Optics deuterium tungsten

halogen source (DH-2000-BAL), and the reflection standard was OO STAN-SSH.

Room temperature electrical properties of the sulfurized films were evaluated with

Hall and Seebeck measurements. The Hall measurements were performed on Hall

Measurement System version 2.4.1 from Lake Shore Cryotronics, Inc., and the Seebeck

measurements were performed on either an ULVAC ZEM-3 Seebeck Coefficient and

Electrical Resistivity Measuring Instrument or a system designed and built in-house.

4.3 Results and Discussion

4.3.1 Bulk precursor chemistry

The dissolution of Fe metal in a partially aqueous environment exposed to air

will almost certainly produce Fe3+, and the red color of the precursor throughout

aging, drying, and re-dissolution is characteristic of Fe3+ hydroxide species. Since Fe
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is being oxidized, another species in the solution must be reduced. The pH of the

precursor at the end of the aging process and after re-dissolution is 2-3, so H+ ions

are one possibility. The other obvious choice is NO−

3 . Since the Fe3+/Fe standard

reduction potential is -0.04 V and the standard reduction potential for the NO−

3 /NO

half reaction is 0.96 V, it is certainly possible for NO−

3 to act as the necessary oxidizing

agent in the precursor solution. This process may be simplified as

Fe (s) + Fe(NO3)3 (s) + 2 H2O (l) → Fe2(NO3)2(OH)4 (aq) + NO (g).

If H+, instead of NO−

3 , acts as the oxidizing agent, the dissolution would be

Fe (s) + Fe(NO3)3 (s) + 3 H2O (l) → Fe2(NO3)3(OH)3 (aq) + 3
2

H2 (g).

In both cases, the Fe-containing species are clusters containing both the nitrate and

hydroxide ions, and the NO3/Fe that are quite different from known Fe nitrate salts.

As is the case for most metals, Fe3+ hydrolyzes in aqueous solutions, and any

other ions present will significantly impact that process. NO−

3 was chosen for this

study for several important reasons. First, it decomposes readily in air to form

volatile products, which makes it a good leaving group. Second, IR spectra collected

from the hydroxide precipitates of Fe(NO3)3 (aq) solutions indicate that the Fe3+

is not directly coordinated by NO−

3 ,20 so the primary anion sphere will be H2O or

OH−. This configuration is ideal for the rapid condensation that forms dense M oxide

films. Finally, electron microscopy-based estimates of the particle sizes of the polymer

clusters in nitrate solutions aged less than a few days old are 2 - 4 nm diameter.20

Such small particles will be very reactive, so little activation energy will be required

to begin the condensation process required to form a solid film.

The conversion of the liquid precursor to a solid film requires dehydration and

decomposition of NO−

3 . TGA of dried IHN gels revealed weight loss beginning about
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140 ◦C and ending by 250 ◦C, both of which are approximately 50 ◦C higher than

the corresponding regions in the TGA decomposition of Fe(NO3)3·9H2O.21 While

the 150 ◦C curing temperature used to deposit IHN films is at the lower end of the

decomposition range, it is still high enough to expect significant nitrate decomposition

to occur. In fact, no N was detected in as-cured IHN films by EPMA. The FT-IR

data collected from an as-cured IHN film (Figure 4.1) provide additional support. The

broad peak centered at 3400 cm−1 originates from O-H stretching modes and the small

peak at 1300 cm−1 comes from O-H vibrational features in the FeO(OH) phases.22 H-

O-H bending modes produce the small broad peak at 1500−1, and the slightly jagged

feature between 1100 and 1000 cm−1 is an artifact of the background correction to

account for the substrate. While the as-cured film clearly retains hydroxide and some

water, there is no detectable nitrate. Based on these considerations and assuming

that NO−

3 is the primary oxidizing agent because it is thermodynamically favored

over H+, the following reaction is proposed for the liquid to solid film transformation:

2 Fe2(NO3)2(OH)4 (aq) → 4 FeO(OH) (s) + 2 N2O5 (g) + 2 H2O (g).

FeO(OH) was chosen as the primary Fe-containing species in the IHN films because α-

FeO(OH) is the final product of hydroxide-driven precipitation from Fe(NO3)3 (aq).20

Pyrite and FeS2 marcasite are often found together in natural samples, and their

Gibbs free energies of formation are very similar.23 Pyrite is the more thermody-

namically stable phase, but it is possible that marcasite could form in small domains.

Lower sulfides such as Fe7S8 pyrrhotite may also be intermediates in pyrite formation.

We examined a series of bulk IHN gel samples to determine where single phase pyrite

forms. When IHN gel was heated at 150 ◦C for 60 min in air and then reacted with

flowing H2S (g), single phase pyrite is observed only at 500 ◦C (Figure 4.2). Below

this temperature, both pyrite and marcasite form. Similar experiments with freshly
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dried IHN gel also showed both pyrite and marcasite at lower temperatures. When

the IHN gel was heated at 150 ◦C for 120 min before reacting with H2S (g), single

phase pyrite formed at 400 and 500 ◦C as shown in Figure 4.3. The longer heating

time in air will drive more H2O out of the IHN gel, and this may increase the mate-

rial’s density considerably. More open, disordered solids like the dried IHN gel may

provide more opportunity for rearrangement and the formation of multiple phases.

What is somewhat unexpected is that Figure 4.2 shows pyrite and pyrrhotite are both

present at 600 ◦C, but no pyrrhotite is observed at lower temperatures. Pyrite does

not decompose until 743 ◦C,4 so the flowing gas must be pulling sulfur back out of

the films in a process similar to

7 FeS2 (s) + 6 H2 (g) → Fe7S8 (s) + 6 H2S (g).

Based on the reactions of the IHN gels with H2S (g), we chose to focus on the

temperature range of 300 - 600 ◦C for the films. We also considered the difference

between films of the more hydrated IHN precursor and those heated in air which

crystallize as Fe2O3. The target reactions for the amorphous IHN and Fe2O3 film

conversions to pyrite are

2 FeO(OH) (s) + 4 H2S (g) → 2 FeS2 (cr) + 4 H2O (g) + 2 H2 (g)

and

Fe2O3 (cr) + 4 H2S (g) → 2 FeS2 (cr) + 3 H2O (g) + H2 (g).

4.3.2 Film morphology and stoichiometry

When sub-10 nm metal hydroxide clusters form in aqueous solution, little acti-

vation energy is required to initiate rapid condensation. Figure 4.4 shows that this
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strategy effectively produced dense IHN films, analogous to our recent success with

ink-jet printed ZnO.24 When the initially amorphous IHN films are further heated

in air, they begin to crystallize as Fe2O3 at 300 ◦C. The FT-IR data in Figure 4.1

show that by 400 ◦C the O-H features at 3400 and 1300 cm−1 and the H-O-H bend-

ing modes at 1500−1 are gone, indicating that the air-dried IHN films are largely

dehydrated. Further, translational lattice modes of octahedrally coordinated Fe3+ in

α-Fe2O3 produce features at 560 cm−1, and Fe-O stretches in the FeO(OH) phases

give rise to features between 400 and 500 cm−1.22 These features show up as two

sharp peaks in the IR spectrum of the 400 ◦C air-heated IHN film (Figure 4.1), so

after this treatment the films are probably still a combination of crystalline Fe2O3

and amorphous FeO(OH). The top-down SEM image of such a film in Figure 4.5b

shows that grain growth has occurred, and the cross-sectional image in Figure 4.5a

demonstrates that these grains are still densely packed.

Figures 4.6 and 4.7 reveal that reacting both as-cured and air-heated IHN films

with H2S produces FeS2 at lower temperatures. The bulk reactions (Figures 4.2 and

4.3) supply evidence that at 300 ◦C the sulfurized films are probably a combination of

the pyrite and marcasite phases, and at 400 ◦C single phase pyrite can be expected.

These observations are consistent with reports of S vapor reacting with Fe oxide

thin films to produce single phase pyrite without proceeding through lower order

Fe sulfides,16,17 and studies of H2S reactions with Fe films that found final pyrite

formation did proceed through a Fe1−xS phase.25 As with the bulk reactions, the

lower order sulfide pyrrhotite forms at higher temperatures. Since pyrite is the only

phase observed at 400 ◦C, all further characterization was carried out on films reacted

with H2S at that temperature.

SEM images of pyrite films produced by heating as-cured IHN at 400 ◦C in H2S
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show that slightly nonuniform crystallization occurs during the reaction. The top-

down image in Figure 4.8b reveals that ridges of slightly larger crystallites form around

flatter regions, although the cross-sectional image in 4.8a demonstrates that those

grains are still tightly packed together. Figure 4.9 provides analogous images for

an air-heated and sulfurized IHN film, and it is striking that this film crystallized

more uniformly. The water and hydroxide remaining in the as-cured IHN film clearly

impact the crystallization process, possibly because there are regions where these

species are concentrated. EPMA data also show slight stoichiometry differences. For

pyrite films synthesized from as-cured IHN, S/Fe = 2.11 ± 0.09 and O/Fe = 0.19 ±

0.08, while no oxygen was detected in and S/Fe = 1.98 ± 0.01 for a sulfurized 400

◦C, 30 min air-heated IHN film.

4.3.3 Film electrical and optical properties

To evaluate the temperature-dependence of the H2S reactions, both XRD and Hall

measurements were performed on as-cured and air-heated IHN films sulfurized over

the range 150 to 600 ◦C. When sulfurization was carried out near 200 ◦C, the films

were amorphous and their Hall coefficients were all positive. Measured mobilities

were in the range 1 - 5 cm2/V s, and carrier concentrations were on the order of 1021

cm−3. Morphologically, these films looked very similar to as-cured IHN films: dense

without any obvious grains. After reactions at 300 ◦C, the temperature where pyrite

begins to crystallize, the signs of the film Hall coefficients became inconsistent, which

is indicative of mobilities too small to reliably measure. These sign changes persist

for all films sulfurized at higher temperatures, including the single phase pyrite films

at 400 ◦C. The beginning film character, as-cured or air-heated IHN, while clearly

influencing the pyrite morphology did not have an effect on the Hall measurements. As



68

the SEM images in Figures 4.8 and 4.9 show, single phase pyrite films are made up of

small, tightly packed grains. Grain boundaries can certainly disrupt carrier movement

and therefore significantly decrease mobility, which would produce inconsistencies

in the sign of the Hall coefficient. Variation of the H2S flow rate and increased

reaction times to deliberately discourage or encourage grain growth did not produce

reliable Hall measurements, and in some cases caused the films to delaminate from

the substrates. A typical resistivity measured from the single phase pyrite films is

0.12 Ω-cm, and the usual Seebeck coefficients are positive with magnitudes near 50

µV/K.

The pyrite films reported here are clearly p-type, which seems to be a universal

feature of synthetic films independent of deposition technique.5 Such character will

occur when defects deplete electrons from the Fe 3d -t2g levels in the valence band, and

Fe-vacancies are an obvious candidate. Both S- and Fe-vacancies have been proposed

to create defect states inside the band gap26–29 that pin the Fermi level and produce

open circuit voltages in photoelectrochemical cells that are significantly lower than

expected on the basis of the optical band gap.30,31 Variation in the sign of the Hall

coefficient, while the Seebeck coefficient is consistently positive, has also been reported

for many pyrite thin films.32 The electrical properties of the pyrite films described

here are clearly similar to many others deposited by a variety of techniques.

The optical data collected from these pyrite films provide one final method to eval-

uate their quality. Figure 4.10 provides the wavelength-dependent optical absorption

coefficient, which reaches 105 cm−1 by 1.5 eV (∼830 nm). The inset shows the in-

direct transition of these pyrite films, and this value is approximately 0.95 eV. As

with the electrical characteristics, the magnitudes of the indirect gap and absorption

coefficient are consistent with literature values.4
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4.4 Summary and Perspective

In this contribution, we report the solution deposition of iron hydroxide nitrate

thin films from a simple aqueous precursor. As-cured, these morphologically dense

films contain significant amounts of hydroxide and water, and when heated in air

they crystallize as densely-packed Fe2O3. Both as-cured and air-heated IHN films are

converted to FeS2 pyrite with heating under H2S at 400 ◦C for 10 min. The pyrite

films synthesized from as-cured IHN have S/Fe = 2.11 ± 0.09 and contain a small

amount of oxygen, while the pyrite films produced from air-heated IHN are oxygen-

free with S/Fe = 1.98 ± 0.01. Morphologically, these pyrite films are all dense, but the

films synthesized from air-heated IHN exhibit more uniform grains. While we were

not able to confirm mobilities or carrier concentrations, the promising morphology

of these films hints that efforts should continue for the production of 100 nm thick

pyrite films for studies to evaluate their defect chemistry and effects on Fermi-level

pinning.
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Figure 4.1: FT-IR spectrum collected from as-cured and air-heated IHN thin films.
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Figure 4.2: XRD collected from IHN gels heated in air at 150 ◦C for 60 min and
then reacted with H2S (g) for 120 minutes at various temperatures. Dashed arrows
are Fe7S8 pyrrhotite.
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Figure 4.3: XRD collected from IHN gels heated in air at 150 ◦C for 120 min and
then reacted with H2S (g) for 120 minutes at various temperatures.

IHN

Si

100 nm

Figure 4.4: SEM cross-sectional image of an as-cured IHN thin film on Si.
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Figure 4.5: SEM a) cross-sectional and b) top down images of a 400◦C, 30 min
air-heated IHN thin film on Si.
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Figure 4.6: XRD collected from as-cured IHN thin films reacted with H2S (g) for
ten minutes at various temperatures. Dashed arrows are Fe7S8 pyrrhotite.



78

In
te
n
si
ty
 (
A
. 
U
.)

0

100

200

300

400

2θ ( 0)
10 20 30 40 50

Figure 4.7: XRD collected from 400◦C, 30 min air-heated IHN thin films reacted
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Figure 4.8: SEM a) cross-sectional and b) top down images of a pyrite film synthe-
sized from as-cured IHN.
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Figure 4.9: SEM a) cross-sectional and b) top down images of a pyrite film synthe-
sized from a 400◦C, 30 min air-heated IHN film.
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CHAPTER 5

Electronic structure calculations of Cu3TaQ4 (Q = Se, Te)

and photoemission studies of Cu3TaSe4
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5.1 Introduction

The ability to control the band gap of a material by selectively varying the sto-

ichiometry across a solid solution has broad applicability. Such control can be used

to engineer a material having an ideal match to the solar spectrum for efficient light

absorption. Photoemission, the process underlying light emitting diode technology,

can also be tuned by controlling stoichiometry and deliberately introducing dopant

species. Solar cells and light emitting diodes require both n- and p-type materials,

and in this contribution we describe the optical and luminescent properties of p-type

Cu3TaSe4. We also discuss the synthesis of the solid solution Cu3TaSe4−xTex (x = 0

- 4), where the optical band gap should be inversely proportional to x.

The cubic structure of Cu3TaQ4 is shown in Figure 5.1.1,2 Both Cu+ and Ta5+ are

coordinated by four Q2− in tetrahedral arrangements. The Ta-centered tetrahedra

are found at the eight corners of the cell, and the Cu-centered tetrahedra are located

in the middle of the twelve cell edges. Each TaQ4 tetrahedron shares edges with six

CuQ4, and the CuQ4 tetrahedra share vertices with each other in all directions to

form a three-dimensional framework.

We have previously reported optical band gaps for Cu3TaS4 and Cu3TaSe4 of 2.70

and 2.35 eV, respectively,3 so it is clear that the structural changes resulting from

the addition of Ta to the Cu2S- and Cu2Se-like systems also significantly influences

the optical properties. In addition, we found that Cu3TaS4 emits in the visible when

excited by UV light.3 To further delineate the properties of the Cu3TaQ4 system, we

now report the photoluminescent behavior of Cu3TaSe4 as a function of temperature.

We have also prepared Cu3TaSe4:W and measured photoluminescence as a function

of W concentration. Finally, we discuss the preparation of Cu3TaSe4−xTex (x = 0 -

4) based on the prediction that this solid solution should have smaller optical band
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gaps and may therefore provide useful solar absorbers.

5.2 Experimental

5.2.1 Synthesis

Stoichiometric amounts of Cu powder (Cerac, 99.5%), Ta powder (Cerac, 99.9%),

and Q powder (Alfa Aesar, 99.99%) were ground and sealed in evacuated silica tubes.

Cu3TaSe4 and W-doped Cu3TaSe4 (W powder, Cerac, 99.5%) were synthesized by

heating at 750-800 ◦C for 24 - 48 h. The Cu3TaSe4−xTex samples were prepared in

a N2-filled glovebox, and then heated at 450 ◦C for 1 week. Cu3TaQ4 samples were

also prepared with 5% SeO2 or TeO2 to evaluate the impact of oxygen contamina-

tion. Following reaction, all tubes heated at 450 ◦C were opened and ground in the

aforementioned glovebox.

5.2.2 Characterization

X-ray diffraction (XRD) was performed on the powders by using a Rigaku Mini-

Flex II or a Bruker-AXS D8 Discover diffractometer with Cu Kα radiation.

Temperature-dependent photoluminescence (PL) data were collected from Cu3TaSe4

powders. These experiments were performed by using a 337 nm pulsed N2 laser, a

CCD detector, and a MMR optical cryostat. The samples were cooled to 80 K by

using a N2 closed-cycle refrigerator built into the cryostat, and then raised to 300 K

at 25 K intervals by heating. The samples were mounted on the copper cold finger

using double-sided carbon tape. This tape exhibited no luminescence under 337 nm

light excitation. In addition, room-temperature PL data were collected from doped

Cu3Ta1−xWxSe4 (x = 0.01, 0.03, 0.05) powders.
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5.2.3 Band Structures

The electronic structures of Cu3TaSe4 and Cu3TaTe4 were computed with the code

Wien2k4 in the full-potential linearized augmented plane-wave (LAPW) formalism

with the PBE generalized gradient approximation. The unit cell parameters were

taken from published values.1,2 The muffin-tin radii were set to 2.10 au for Se and

2.37 au for Cu and Ta for the calculation of Cu3TaSe4, and to 2.22 au for Te and

2.50 au for Cu and Ta for the calculation of Cu3TaTe4. The potentials and charge

densities were expanded on a k-mesh of 10,000 points in the Brillouin zone, including

286 unique k-points. Inside the spheres, the expansion of these quantities was limited

to l = 10. In the interstitial region, potentials and charge densities were expanded

using 2,708 and 3,074 plane waves for Cu3TaSe4 and Cu3TaTe4 respectively. The

calculations were iterated until the charge converged to better than 10−3 e.

For calculating the optical properties, the upper band-index was chosen to be 110

to ensure that the upper band energy is well above the Fermi level. The Lorentz

broadening of the inter-band spectrum was set to 0.03 eV for both compounds.

5.3 Results

5.3.1 Experimental results

Cu3TaSe4 powders have previously been prepared at 750 ◦C,5 and Cu3TaTe4 crys-

tals were grown at 450 ◦C.2 As a result, the solid solution Cu3TaSe4−xTex was prepared

at the lower temperature. Cu3TaSe4 powders for PL measurements were synthesized

between 750 and 800 ◦C to increase crystallite size. XRD data from the intrinsic and

doped samples were consistent with the formation of Cu3TaQ4. With the exception of

a few very low intensity impurity peaks, all lines in the patterns could be indexed on
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the basis of the previously reported cubic unit cells.1,2 The impurity peaks increased

in intensity when Cu3TaSe4 and Cu3TaTe4 were synthesized with 5% SeO2 or TeO2,

so powders for the selenide-telluride solid solution were handled under inert atmo-

sphere as much as possible to minimize oxide contamination. While XRD patterns

from both Cu3TaSe4 and Cu3TaTe4 showed sharp, well-defined peaks, the diffraction

peaks from the intermediate compositions were often split (Figure 5.2). The unit

cell parameters calculated from average peak positions are very similar to those re-

ported previously,6 but when the split peaks of the intermediate compounds were

refined individually, statistically different values were obtained (Figure 5.3). These

unit cell parameters may represent distinct Se- or Te-rich domains within the same

powder. What is certainly clear is that these synthesis conditions have not produced

satisfactory single-phase powders. As a result, no further characterization of the

Cu3TaSe4−xTex solid solution was performed.

While PL emission from Cu3TaTe4 was outside the detectable wavelength range

of the equipment, Cu3TaSe4 powders show a strong PL peak at 2.01 eV (Figure

5.4). Similar PL in Cu3TaS4 was attributed to acceptor-like Cu vacancies because of

the direct correlation between PL intensity and x in Cu3−xTaS4.
5 This assumption

produced an ionization energy for the Cu vacancies of 0.44 eV.7 Assuming a similar

mechanism in Cu3TaSe4 and using the established band gap of 2.35 eV,3 we estimate

the ionization energy of the Cu vacancies as 0.34 eV. Because this simple mechanism

does not account for possible nonradiative or IR emission from the conduction band

to some other state in the band gap, this value may be much higher than the true

ionization energy of the Cu vacancies in Cu3TaSe4.

Doping Cu3TaSe4 with W causes the PL peak at 2.01 eV to decrease in intensity

and shift to 1.85 eV (Figure 5.4). This shift to lower energy demonstrates that
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W-doping generates donor states in the gap, which is also true of Cu3TaS4.
5 The

solubility limit of W in the Cu3TaSe4 matrix must occur somewhere between 1 and

3% W, since the PL peak does not shift any lower than 1.85 eV despite increasing

W concentration. Low intensity diffraction peaks from a WSe2 phase are visible in

the XRD patterns of Cu3Ta0.97W0.03Se4 and Cu3Ta0.95W0.05Se4, providing additional

evidence for limited solubility.

The configurational coordinate (CC) model was developed to explain the effects

of lattice vibrations on the optical properties of a localized luminescent center.8,9

This center can be a deliberately introduced dopant species, or an intrinsic defect

in the material. As temperature increases, the additional thermal energy activates

nonradiative decay pathways for photoexcited carriers, and this process decreases the

intensity of the measured luminescence. Luminescent intensity, I, and temperature,

T, are related as follows9

I ∝

1

1 + B · exp
[

−EQ

kT

] (5.1)

where B is the ratio of the radiative lifetime and the pre-exponential factor of the

nonradiative decay function, and k is Boltzmann’s constant. The term of interest is

EQ, which represents the activation energy of the nonradiative decay. From the I vs

T data plotted in Figure 5.5, we estimate that EQ for Cu3TaSe4 is 140 meV. Equation

5.1 is also plotted in Figure 5.5 using this value, and a quick visual inspection shows

good agreement with the experimental data.

Phonons in a luminescent material are also influenced by temperature, and the

CC model addresses this in the following relationship:9
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FWHM ∝ S

√

coth

[

ℏω

2kT

]

. (5.2)

In this equation, the luminescent peak full width at half maximum (FWHM) is related

to T by an empirical fitting constant S and ℏω, the phonon energy of the luminescent

center. FWHM is plotted vs T in Figure 5.5, and these data are fit reasonably well

by the solid curve representing Equation 5.2 when ℏω = 44 meV.

5.3.2 Electronic Structures

The p-type Cu2Q (Q = S, Se, Te) family10 crystallize in multiple structures that

range from stoichiometric Cu2Q to Cu-deficient compositions. Monoclinic Cu2S low

chalcocite is the stable phase at room temperature,11 while cubic Cu1.95S digenite

and hexagonal Cu2S high chalcocite stabilize above 89 and 105 ◦C respectively.12,13

Cu1.8Se digenite is stable at room temperature, and above 198 ◦C Cu2Se berzelianite

forms.14 These cubic selenides are isostructural with Cu1.78Se.15 In the telluride

system, hexagonal Cu2Te16 and trigonal Cu1.81Te weissite17 have been characterized.

Surprisingly, the majority of these binary Cu+ chalcogenides contain both Cu-Cu and

Cu-Q bonds. The only exception is low chalcocite in which each Cu is coordinated

by three S. The presence of both metal-metal and metal-chalcogenide bonds in most

of these compounds makes it difficult to predict or calculate electronic structures.18

The Cu2Q compounds are all black, but since the Cu stoichiometry is highly

variable a range of optical band gaps have been reported. The band gap of Cu2S is

most likely between 1.1 - 1.2 eV,19 while the most often cited studies show that Cu2Se

begins to absorb at 1.2 eV and Cu2Te at 1.0 eV.10 As discussed above, the addition
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of Ta to form the Cu3TaQ4 compounds produces significant structural changes that

increase the experimental band gaps. The electronic structures are also affected.

The Cu and Ta sites in the Cu3TaQ4 structure are tetrahedrally coordinated by

Q. In tetrahedral geometries, the Cu and Ta d -orbitals will split into two lower energy

e and three higher energy t2 states. The ten d electrons in Cu+ completely fill the

e and t2 orbitals, while the corresponding Ta5+ orbitals are empty. Because the

CuQ4 tetrahedra form vertex-sharing chains with each other and edge-sharing chains

with the TaQ4 tetrahedra, carrier transport will occur through bands containing

contributions from all three species. The filled Cu 3d orbitals and overlapping Q

orbitals will define the valence band, while the empty Ta d orbitals and intermixed

Cu and Q orbitals will define the conduction band.

As expected for isostructural compounds, the band structures and density of states

(DOS) calculated for both Cu3TaSe4 and Cu3TaTe4 are very similar, and these are

shown for Cu3TaSe4 in Figures 5.6 and 5.7. The major differences to note are that the

band gap of the telluride is smaller than the selenide, and the curvature of both the

valence band maximum (VBM) and conduction band minimum (CBM) are greater

for the telluride. The VBM and CBM exhibit similar dispersion in all directions,

which is consistent with the isotropic nature of the Cu3TaQ4 crystal structure.

The lowest energy transitions across the computed band gaps of Cu3TaSe4 and

Cu3TaTe4 are indirect from R to X, and the magnitudes are 1.60 and 1.14 eV respec-

tively. The experimental band gap of Cu3TaSe4 is larger than the calculated value;3

band gap data have not yet been reported for Cu3TaTe4. The LAPW method is

known to underestimate the magnitude of band gaps,20 so it is not surprising that

the experimentally determined value for Cu3TaSe4 is higher than the calculation. It

is also likely that the experimental band gap of Cu3TaTe4 will be larger than 1.14 eV.
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As predicted, Figure 5.7 shows that Cu d and Q p states are the main contributors

to the Cu3TaQ4 VBM. While Cu, Ta, and Q all overlap to form the CBM, Ta d orbitals

are the most significant contributor. Because the Ta d orbitals are nearly coincident

with the total Ta DOS, only the total Ta DOS is shown. These results are similar

to previously reported extended Huckle tight binding calculations of the electronic

structure of Cu3TaTe4, which found that the valence band is mainly Cu 3d and Te

5p states, and the conduction band is primarily Ta 5d.2

Figure 5.8 provides the Wien2k predictions of absorption coefficient vs energy for

Cu3TaQ4. Both compounds have maxima on the order of 105 cm−1. If the energy

scale is shifted to place the onset of absorption at the experimentally determined band

gap of Cu3TaSe4, the absorption coefficient reaches 105 cm−1 at approximately 2.5 eV

(500 nm). Assuming a similar shift of 0.75 eV is required to fit the calculated band

gap of Cu3TaTe4 to the as yet unknown experimental gap, the absorption coefficient

of the telluride will reach 105 cm−1 at approximately 1.9 eV (650 nm).

5.4 Summary and Perspective

We have measured the photoluminescence of Cu3TaSe4 as a function of tempera-

ture and calculated the activation energy of the nonradiative decay and the phonon

energy of the intrinsic luminescent center. These energies are 140 meV and 44 meV,

respectively. We have also demonstrated a photoluminescent shift from the intrinsic

emission at 2.01 eV to 1.85 eV by doping Cu3TaSe4 with W.

Electronic structure calculations reveal indirect band gaps in both Cu3TaSe4 and

Cu3TaTe4. The predicted absorption coefficients for both Cu3TaQ4 compounds are on

the order of 105 cm−1, which would make them excellent solar absorbers. The optical

band gap of Cu3TaSe4 is too large for a useful solar absorber, but Cu3TaTe4 may be a
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good candidate. While we were not able to perform optical band gap measurements

because of incomplete development of the synthesis methodology, on the basis of our

calculations we conclude that the solid solution Cu3TaSe4−xTex (x = 0 - 4) should

allow tunability of the optical band gap to energies below 2.35 eV.
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Figure 5.1: Crystal structure of cubic Cu3TaQ4, Q = S, Se, Te.
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Figure 5.2: XRD patterns for Cu3TaSe4−xTex, x = 1 - 3.
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Figure 5.3: Unit cell parameter vs x for Cu3TaSe4−xTex. The circles represent the
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from obviously split XRD peaks.

In
te
n
si
ty
 (
A
. 
U
.)

103

104

105

Energy (eV)
1.6 1.8 2 2.2 2.4

Figure 5.4: PL spectra collected from intrinsic and W-doped Cu3TaSe4.
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Figure 5.6: Band structure of Cu3TaSe4.
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6.1 Introduction

In a photovoltaic cell, appropriate electrical contacts are required to efficiently

extract electron/hole pairs created by the absorption of light. Such contacts should

have sufficiently large band gaps to allow the majority of the incident light to reach

the absorbing layer. One contact must be n-type with appropriate conduction band

alignment, and the other should be a p-type layer with a good match to the absorber

valence band. CdS, ITO, and ZnO:Al are all examples of useful n-type materials, but

p-type materials are more scarce.

The chalcogenides Cu2Q (Q = S, Se, Te) comprise one family of p-type materials.1

Even though their formulas are simple, all three Cu chalcogenides are compositionally

complicated. Both the sulfide and selenide range from stoichiometric Cu2Q to Cu-

poor Cu1.8Q, and the telluride also adopts multiple phases.2 These complexities have

led to reports of a range of band gaps for Cu2S, but general consensus places the

value between 1.1 and 1.2 eV.3 Fewer studies have been reported for the selenide and

telluride, but the most often cited gaps are 1.2 eV for Cu2Se and 1.0 eV for Cu2Te.1

These band gaps are small enough that all three Cu chalcogenides absorb visible light,

which largely limits their use to tunnel junctions.

To retain p-type character and obtain larger optical band gaps, we have investi-

gated the isostructural chalcogenide fluorides BaCuQF (Q = S, Se, Te). The tetrag-

onal crystal structure is shown in Figure 6.1. Layers of Ba2F2 alternate with Cu2Q2

sheets along the c-axis, leading to quantum confinement of each layer. As a result, the

band gaps of the chalcogenide fluorides are dramatically larger than the binary Cu

chalcogenides, with values of 3.1 eV for BaCuSF,4 2.9 eV for BaCuSeF,4 and 2.3 eV

for BaCuTeF.5 Band structure calculations and photoemission measurements show

that the valence band maxima of all three BaCuQF compounds are made up of Cu 3d -
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and Q np-orbitals,5,6 while the conduction band minima contain contributions from

all four elements.5 Thus the inverse relationship between band gap and the atomic

size of Q is the result of increasing band dispersion with greater Cu-Q overlap.

While BaCuSF and BaCuSeF can be readily prepared, the synthesis of BaCuTeF

has proven more difficult. The ideal solid state reactant BaTe is very difficult to

synthesize without oxide impurities, which compromises the stoichiometry of the final

product. Flowing gas methods, on the other hand, open the possibility of using

different Ba sources, and BaCuSF has already been successfully prepared with BaCO3

as a reactant.6 Decomposition of BaCO3 likely produces small, highly reactive Ba

particles that form BaS in-situ, and analogous processes should produce BaSe and

BaTe. To test this idea, we synthesized all three BaCuQF compounds under flowing

gas, and evaluated the chemical composition of the powders. We also discuss Gibbs

free energies to explain the results.

6.2 Experimental

6.2.1 Synthesis

BaCuSF powder was prepared by grinding BaCO3 (Cerac, 99.9%), BaF2 (Cerac,

99.9%), and Cu2S (Strem Chemicals, 99.5%) in stoichiometric amounts followed by

heating in a 130 sccm flow of H2S (g) (Matheson) at 550 ◦C for 2 h. BaCO3 and

BaF2 were also combined with Cu2Se (Cerac, 99.5%) in stoichiometric proportions

and reacted under a mixture of 15% H2Se (g) - 85% Ar (Air Liquide, 99.8%) at 550

◦C for 2 h to form BaCuSeF. The flow rate was maintained at 170 sccm. The gas

was switched over to 100% Ar, and the powder was heated for another 2 h at the

same temperature. BaCuTeF was prepared by combining BaCO3, BaF2, and Cu2Te
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(Cerac, 99.5%) in stoichiometric proportions and grinding with 5 - 20 weight% excess

Te (Alfa Aesar, 99.999%). The mixture was heated at 550 ◦C under a mixture of 5%

H2 - 95% Ar for 2 h.

BaCuQF powders were cold pressed at 2 tons in a 9.5 cm die to form pellets for

compositional analysis. BaCuSF pellets were heated in a hot isostatic press (HIP,

American Isostatic Presses) for 3 h under 20,000 psi of Ar at 750 ◦C to increase their

densities. BaCuSeF analogs were treated in the HIP at 650 - 700 ◦C for 3 h with

15,000 psi of Ar, and BaCuTeF pellets were processed for 2 h at 780 ◦C with 15,000

psi of Ar. Final densities were approximately 70% of theoretical values.

6.2.2 Characterization

X-ray diffraction (XRD) was performed on the powders by using a Rigaku Mini-

Flex II diffractometer with Cu Kα radiation.

Electron probe microanalysis (EPMA) was performed on the pellets by using a

Cameca SX-100 electron microprobe. Standards were elemental Cu, Se, and Te;

natural pyrite for S; BaF2 for Ba and F; and MgO for O. Each BaCuQF pellet was

sampled over several hundred microns, and at least 14 points were used to calculate

the final elemental ratios.

The photoelectron spectroscopic experiments were performed on the pellets by

using the Darmstadt Integrated System for solar energy research (DAISY-SOL). This

system is equipped with distribution and transfer chambers (10−8 mbar), multiple

deposition chambers, and an Escalab 250 photoelectron spectroscopy system (10−10

mbar base pressure). X-ray photoemission spectroscopy (XPS) experiments were

performed using the Kα line of an Al x-ray source with a monochromator (1486.6

eV, 0.4 eV energy resolution). XPS binding energies were measured with respect to
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the Fermi level of the system, which was calibrated with the 3d5/2 line of a clean

Ag sample (386.27 eV). XPS core level spectra were recorded over an energy range

at least 10 eV larger than the full width at half maximum of each peak, and the

background intensities were subtracted using a Shirley function. Binding energies of

the core levels were found by taking the second derivative of the core level spectra.

Stoichiometry of the BaCuQF surfaces were determined from the integrated area

under the XPS core level peaks using sensitivity factors supplied by Escalab.

6.3 Results

6.3.1 Synthetic challenges and approach

In addition to allowing the use of various Ba salts as reagents, flowing gas syntheses

of the BaCuQF compounds provide several other useful features. Many chalcogenide

powders that are exposed to air will oxidize, changing the stoichiometry of the final

product. The presence of H2 (g) during the reaction should form H2O (g) and strip

the oxygen away. In addition, the large excess Q available after decomposition of

H2Q (g) used for the syntheses of BaCuSF and BaCuSeF will favor the products and

minimize vacancies. H2Te decomposes above 0 ◦C, so it was not possible to take

advantage of similar chemistry for the BaCuTeF synthesis.7

Because they are still relatively new, the thermodynamics of the BaCuQF com-

pounds have not been investigated. Some insight may still be gained by comparing

the flowing gas processes to typical solid state reactions, however. Gibbs free ener-

gies (∆Grxn) were calculated for BaCuSF and BaCuTeF as follows, but we could not

complete BaCuSeF calculations because thermodynamic data are unavailable. The

formation of BaCuSF under flowing gas may be simplified to the following reaction
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BaCO3 (s) + BaF2 (s) + Cu2S (s) + H2S (g) −→

2 BaCuSF (s) + CO2 (g) + H2O (g),

while the solid state reaction is

BaS (s) + BaF2 (s) + Cu2S (s) −→ 2 BaCuSF (s).

The expression ∆Grxn(flowing gas) - ∆Grxn(solid state) provides a way to compare

the flowing gas and solid state reactions that does not require ∆Gf values for all

of the individual reactants and products. When these reactions are combined and

simplified, only the following chemical species remain:

BaCO3 (s) + H2S (g) −→ BaS (s) + CO2 (g) + H2O (g).

At 527 ◦C, the temperature closest to that used for the flowing gas reactions for

which data are available,8 ∆Grxn(flowing gas) - ∆Grxn(solid state) = 14 kJ/mol (see

Table 6.2 for the relevant ∆Gf values). This small value indicates that neither the

flowing gas nor the solid state reaction are strongly thermodynamically favored. The

formation of BaCuTeF under flowing gas may be simplified to the following reaction

BaCO3 (s) + BaF2 (s) + Cu2Te (s) + Te (s) + H2 (g) −→

2 BaCuTeF (s) + CO2 (g) + H2O (g),

and the solid state reaction is analogous to that shown for BaCuSF shown above with

Cu2Te replacing Cu2S. The simplified expression comparing the BaCuTeF flowing gas

and solid state processes is

BaCO3 (s) + Te (s) + H2 (g) −→ BaTe (s) + CO2 (g) + H2O (g).
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At 527 ◦C, ∆Grxn(flowing gas) - ∆Grxn(solid state) = 112 kJ/mol, which means that

near the reaction temperature, the solid state reaction is thermodynamically favored.

This is surprising because the CO2 (g) and H2O (g) products of the flowing gas

process have large negative ∆Gf values, but the unavailability of H2Te must be more

deleterious. If oxide-free single-phase BaTe is available, the solid state reaction is the

better choice to synthesize BaCuTeF.

The ∆Gf for the Q oxide compounds (Table 6.3) provide an approach to gauge

the potential for forming oxide-free BaCuQF powders via flowing gas synthesis. All

of the S and Se oxides form only in the gas phase at 527 ◦C, which provides another

mechanism to remove oxide contamination from the powders. By contrast, the most

thermodynamically favorable Te oxide phase is TeO2 (s). This is an obvious issue

since the solid oxide will remain in the bulk powder throughout the reaction.

Thermodynamically the BaCuTeF flowing gas process is less favorable than the

solid state and may retain oxygen as TeO2 (s), so successful BaCuTeF flowing gas

synthesis will depend on kinetic factors. Exclusion of atmospheric O2 (g) from the

reaction zone will be critical, and gas flow rate may also play a role by supplying

reactant H2 (g) and removing product gases. These considerations will also influence

the analogous BaCuSF and BaCuSeF reactions, but since the possible S or Se oxide

by-products are gases it is much more likely that the quaternary products will be

oxide-free.

While oxide contamination is not a critical consideration for the flowing gas syn-

thesis of BaCuSeF, BaSe3 was an unlikely secondary phase that formed with only

flowing H2Se (g) (Figure 6.2). In the Ba-Se phase diagram, BaSe3 exists as a line

compound at 75 atomic% Se from 0 - 760 ◦C,9 so at this stage in the synthesis the

BaCuSeF powder must be significantly Se-rich. Also, as shown in Figure 6.2, ad-
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ditional heating under flowing Ar leads to elimination of the peaks associated with

BaSe3, probably by carrying Se (g) away from the bulk. Simply shortening the H2Se

(g) reaction time left lower intensity but still obvious BaSe3 peaks.

6.3.2 Material quality

XRD data collected from the powders were consistent with the formation of the

respective BaCuQF compounds, and no impurity peaks were observed. Refined unit

cell parameters are summarized in Table 6.1. All cell volumes are within 0.6% of

published values.4,10

Analysis of EPMA data collected from BaCuSF and BaCuSeF pellets (Table 6.4)

reveals that the elemental ratios are all within one standard deviation of the expected

values, and the statistically insignificant O/Ba ratios demonstrate that the flowing

gas method was mostly efficacious in excluding oxygen. The BaCuTeF synthesis

was less successful. While the XRD patterns do not exhibit other crystalline phases,

Table 6.4 reveals that there is a significant excess of F in the pellets. There is also a

statistically significant amount of oxygen.

Because the pellets had to be shipped to Darmstadt, Germany for the XPS ex-

periments, several weeks elapsed between collecting the EPMA and XPS data. This

time lag may help to explain the significantly higher O/Ba ratios calculated for all

three BaCuQF compounds from the XPS data shown in Table 6.5. The biggest fac-

tor, however, is that XPS is used to monitor electrons ejected from the first 50 nm

of a sample while EPMA records x-rays from the bulk.11 In addition to the signifi-

cant oxidation, Table 6.5 shows that the surfaces of the pellets of all three BaCuQF

compounds are significantly Cu- and F-poor. Te/Ba is within one standard deviation

of the expected value, but both S/Ba and Se/Ba are significantly lower. These data
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clearly demonstrate that all three BaCuQF compounds are sensitive to reaction with

atmospheric O2 and/or H2O, which clarifies previous bulk stability experiments with

BaCuSF.4

6.4 Summary and Perspective

We have demonstrated that the chalcogenide fluorides BaCuQF (Q = S, Se, Te)

can all be synthesized under flowing gas by using BaCO3 as a Ba source. Thermo-

dynamically, both this method and the traditional solid state route are favorable for

forming oxide-free BaCuSF and BaCuSeF, but the solid state route is more favorable

for BaCuTeF. A different and less thermodynamically stable Ba salt may provide a

better starting point for the BaCuTeF flowing gas synthesis.



107

References

[1] G. Sorokin, Y. Papshev, and P. Oush. Photoconductivity of Cu2S, Cu2Se, and

Cu2Te. Soviet Physics Solid State, 7(7):1810 – 1811, 1966.

[2] S. Kashida, W. Shimosaka, M. Mori, and D. Yoshimura. Valence band

photoemission study of the copper chalcogenide compounds, Cu2S, Cu2Se and

Cu2Te. Journal of Physics and Chemistry of Solids, 64(12):2357–2363, 2003.

[3] P. Lukashev, W. Lambrecht, T. Kotani, and M. van Schilfgaarde. Electronic

and crystal structure of Cu2−xS: Full-potential electronic structure calculations.

Physical Review B, 76(19):195202, 2007.

[4] C. Park, D. Keszler, H. Yanagi, and J. Tate. Gap modulation in

MCu[Q1−xQ’x]F (M= Ba, Sr; Q, Q’= S, Se, Te) and related materials. Thin

Solid Films, 445(2):288–293, 2003.

[5] C. Park, R. Kykyneshi, A. Yokochi, J. Tate, and D. Keszler. Structure and

physical properties of BaCuTeF. Journal of Solid State Chemistry,

180(5):1672–1677, 2007.

[6] H. Yanagi, J. Tate, S. Park, C. Park, D. Keszler, M. Hirano, and H. Hosono.

Valence band structure of BaCuSF and BaCuSeF. Journal of Applied Physics,

100:083705, 2006.

[7] N. Greenwood and A. Earnshaw. Chemistry of the Elements.

Butterworth-Heinemann, 2nd edition, 1997.

[8] I. Barin, F. Sauert, E. Schultze-Rhonhof, and W. Shu Sheng. Thermochemical

Data of Pure Substances. VCH, 1993.



108

[9] H. Okamoto. The Ba-Se (Barium-Selenium) system. Journal of Phase

Equilibria, 12(4):467–469, 1991.

[10] W. Zhu, Y. Huang, F. Wu, C. Dong, H. Chen, and Z. Zhao. Synthesis and

crystal structure of barium copper fluochalcogenides:[BaCuFQ(Q= Se, Se)].

Materials Research Bulletin, 29(5):505–508, 1994.

[11] D. Schroder. Semiconductor Material and Device Characterization.

Wiley-Interscience, 3rd edition, 2006.



109

c

Q
Cu

Ba

F
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Figure 6.2: XRD data collected from BaCuSeF prepared with and without the 2 h
anneal under flowing Ar.
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Table 6.1: Unit cell parameters for BaCuQF powders.
a (Å) c (Å) Volume (Å3)

BaCuSF 4.117(4) 9.0019(6) 152.6(1)
BaCuSeF 4.249(5) 9.1376(7) 164.9(2)
BaCuTeF 4.435(2) 9.3811(3) 184.53(8)

Table 6.2: Gibbs free energies of formation used to calculate ∆Grxn(flowing gas) -
∆Grxn(solid state) for BaCuSF and BaCuTeF at 527 ◦C.8

△Gf (kJ/mol)
BaCO3 (s) -1007.0
BaS (s) -440.2
BaTe (s) -295.5
CO2 (g) -395.5
H2O (g) -203.6
H2S (g) -45.7

Table 6.3: Gibbs free energies of formation for Q oxides at 527 ◦C.8

△Gf (kJ/mol)
SO (g) -58.4
SO2 (g) -298.4
SO3 (g) -321.9
S2O (g) -123.9
SeO (g) -2.0
SeO2 (g) -114.7
TeO (g) 8.4
TeO2 (s) -179.7
TeO2 (g) -70.7
Te2O2 (g) -120.4

Table 6.4: EPMA data for BaCuQF pellets.
Ideal stoichiometry Cu

Ba
Q
Ba

F
Ba

O
Ba

BaCuSF 0.99 ± 0.06 0.93 ± 0.07 1.08 ± 0.07 0.1 ± 0.1
BaCuSeF 1.1 ± 0.1 1.2 ± 0.2 0.9 ± 0.2 0.1 ± 0.1
BaCuTeF 0.9 ± 0.1 0.9 ± 0.1 1.5 ± 0.3 0.3 ± 0.2
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Table 6.5: XPS data for BaCuQF pellets.
Ideal stoichiometry Cu

Ba
Q
Ba

F
Ba

O
Ba

BaCuSF 0.56 ± 0.09 0.7 ± 0.1 0.60 ± 0.09 1.1 ± 0.1
BaCuSeF 0.65 ± 0.09 0.50 ± 0.09 0.50 ± 0.09 1.2 ± 0.1
BaCuTeF 0.6 ± 0.1 1.1 ± 0.1 0.5 ± 0.1 1.4 ± 0.2



CHAPTER 7

Conclusions
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This dissertation has explored two approaches to reducing the cost associated with

PV energy generation. The promising compositions Fe2XS4 (X = Ge, Si), Cu3TaQ4

(Q = Se, Te), and BaCuQ’F (Q’ = S, Se, Te) were chosen based on their structural

similarities to FeS2 pyrite and Cu2Q’, readily available materials whose components

are prevalent in the earth’s crust.

The sulfides Fe2XS4 are shown to be direct band gap (Eg ∼ 1.5 eV) p-type semi-

conductors. Electronic structure calculations also predict large absorption coefficients

of 105 cm−1. Since the band gaps in the target range of 0.7 to 1.6 eV and the pre-

dicted absorption coefficients are so large, these compounds are deemed promising

solar absorbers.

Electronic structure calculations reveal indirect band gaps in both Cu3TaSe4 and

Cu3TaTe4, and the predicted absorption coefficients for both compounds are on the

order of 105 cm−1. While the optical band gap of Cu3TaSe4 at 2.35 eV is too large

for a useful solar absorber, Cu3TaTe4 may be a good candidate. Synthetic difficulties

prevented experimental optical band gap measurements, but the calculations predict

that the solid solution Cu3TaSe4−xTex (x = 0 - 4) should allow tunability of the

optical band gap to energies below 2.35 eV.

The wide band gap p-type chalcogenide fluorides BaCuQ’F have all been synthe-

sized under flowing gas by using BaCO3 as a Ba source. While this method formed

oxide-free BaCuSF and BaCuSeF, the BaCuTeF powders contained some oxide. If

single phase BaTe is available, a traditional solid state route will be more successful

for forming single phase oxide-free BaCuTeF.

In addition to using abundant materials, PV manufacturing costs can also be

decrease by choosing methods to rapidly deposit thin films over large areas. Solution

deposition is an excellent candidate, so the conversion of spin coated Fe oxalate and
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hydroxide nitrate thin films to sulfides was discussed in this dissertation.

The Fe oxalate films reported here are smooth and amorphous, but they roughen

considerably when heated under flowing H2S (g) to convert to FeS2 pyrite. The final

130 nm thick pyrite films are p-type with an optical indirect band gap of 0.9 eV with

S/Fe = 1.99 ± 0.02, but their coarse morphology makes them poor candidates for

incorporation into a working PV cell.

Iron hydroxide nitrate films are morphologically dense and contain significant

amounts of hydroxide and water. They can be converted to FeS2 pyrite both as-cured

(S/Fe = 2.11 ± 0.09) and after being further dehydrated by heating in air (S/Fe =

1.98 ± 0.01). The optical properties of the final 100 nm pyrite films are similar to

those synthesized from the Fe oxalate precursor. Morphologically, the pyrite films

synthesized from iron hydroxide nitrate are all dense, but the completely dehydrated

precursor films produce the most uniform pyrite grains. As a result, FeS2 pyrite films

produced from this precursor have the potential to be successfully integrated into a

PV device.
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APPENDIX A

Effectively mentoring undergraduate students

Importance of Undergraduate Research

Chemistry weaves through the fabric of everything in the physical world. It is a

fascinating model that explains many complex systems, and provides framework to

continue the expansion of human knowledge. In order to awaken excitement for this

vast subject in students, it is vital to present it in a way that is relevant. A pre-

med student must see her future patients being served by her understanding of basic

chemical principles. The chemistry major who is curious about the way the world

works should leave the laboratory with his perspective tuned to see chemical activity

all around him. It is also important to provide a safe environment where students can

learn from their mistakes. A principle arrived at through trial, error, and eventual

success will stick in the mind much longer than an easy solution. Finally, motivation

is the key to success in chemistry, as in all other disciplines. Any student who truly

wants to learn deserves the best that her mentor has to offer.

The most important teaching opportunity an experienced chemist has is in the

laboratory. This is an exciting arena because the students can see chemistry happen-

ing and, hopefully, begin to ask their own questions. An original research project also

provides opportunities for undergraduates to learn important skills. Once a chemical

question has been clearly stated, experiments need to be designed and carried out
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to find the answer. These vital and central skills are difficult to master, so careful

guidance is required of the mentor. No project is complete without communicating

the results to others orally or in writing. Both media require concise well-labelled

figures, and technical writing should also be clear and carefully worded. The best

presentations and papers also weave the technical details together as a story.

The world is a wonderfully complex place, and there are many questions that

haven’t been answered yet. With good mentoring, undergraduate students can con-

tribute to scientific understanding and get a taste of how exciting it is to do something

that no one else has done before. Once this has happened, the student is truly on his

way to becoming a chemist.

Maximizing Limited Time

Time is a huge constraint when working with undergraduate students. They may

have a ten week long summer of working forty hours per week, or they may sign up for

a research credit on top of an already full schedule of classes. Both scenarios provide

opportunites for learning and tackling original. albeit small, problems.

Filling a forty hour work week during a summer requires setting the student up

with two projects, and the mentor should also have a third idea. Sometimes a fast

student will finish in less time than projected, or an integral piece of equipment will

go down unexpectedly. The mentor should expect to spend about a week training the

student in the techniques she will use in the lab. It is also useful to give the student

relevant literature in the first week, so he can begin from a basic understanding of

the problem and why it is relevant. Appropriate formatting for figures should be

discussed as soon as the student has enough data to start putting them together,

and the final report should be started several weeks before the end of the summer to
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leave time for revision. It is impossible to write a good paper in one draft, and that

should be emphasized as soon as students begin to communicate their work to others

in writing. Most importantly, the mentor needs to encourage the student to actively

participate in interpreting results and adjusting project plans.

Undergraduates working on an original project while simultaneously taking courses

are more difficult to mentor effectively. One project should be sufficient in this case,

but again the mentor needs to prepare a second project. Expectations need to be

clear up front, along with consequences if the student doesn’t follow through on the

commitment. Training on equipment and lab technique will require several weeks in

smaller amounts of time when the student can fit it around classes. The final report

should focus on experiments and results in the style of a lab report instead of a more

formal paper. An oral presenation of some sort is still beneficial for the student, but

it should be treated as optional because it might not fit with her other final projects

and examinations.
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