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Abstract
The pyrite form of FeS2 has long been recognized as an earth-abundant and non-toxic
material with exceptional properties as a solar absorber for inexpensive photovoltaic
devices. However, a significant research effort from the mid 1980’s achieved power
conversion efficiencies of only less than 3 %. The reasons for such low efficiencies have
not been fully elucidated yet, primarily because the electronic transport and doping
mechanisms of pyrite are poorly understood. One classic example is well-known puzzle
remaining in pyrite, where bulk single crystals are almost exclusively n-type based on Hall
effect measurements, whereas polycrystalline thin films are typically deduced to be p-type,
mostly from thermopower measurements. The fundamental reason(s) for this are not
understood, and identifying the unintentional dopants in FeS2 remains an outstanding
challenge.
In this work we address, using ex situ sulfidation synthesis, this long-standing problem
of understanding conduction mechanisms and doping in FeS2 films. This is done by
systematically exploring the effects of film synthesis conditions on microstructure, surface
morphology, chemical stoichiometry, electronic transport mechanisms, charge carrier
mobility and charge density. More than a hundred of FeS2 thin films and synthetic crystals
were probed in this study. In addition to conventional diffusive transport, hopping transport
was also frequently observed in FeS2 thin films. This hopping transport was discovered to
be caused by nanoscale inhomogeneity (e.g. nanoscale Fe or Fe1-S clusters), which has
been overlooked by the pyrite community until now. This hopping transport may explain
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the poor performance of some FeS2-based solar cells, since the carrier mobility and lifetime
are significantly reduced in hopping.
More importantly, accompanying the crossover from diffusive to hopping transport, we
find significant suppression, and sign inversion from electron-like to hole-like, of Hall and
themopower signals in FeS2 thin films. The results indicate that thin films with diffusive
transport show n-type conduction, just like single crystals, which implies that the major ntype dopants may be the same for both FeS2 thin films and single crystals. As the transport
crosses over to hopping, both Hall and thermopower measurements indicate sign
inversions, which are not caused by real p-type doping, but are rather an artifact of hopping
conduction. These findings provide the first potential resolution for the “doping puzzle” in
FeS2, and emphasize that understanding the electronic transport mechanisms is mandatory
for interpreting the sign of Hall and thermopower coefficients in FeS2.
In the last part of this work, some preliminary results for identifying the unintentional
dopant(s) in FeS2 are presented. The results suggest the major n-type dopants in FeS2 are
unlikely to be metal impurities or oxygen. S vacancies are a genuine possibility however,
although further study is still required to settle this issue.
These findings answer several critical questions for understanding the electronic
transport and doping mechanisms in pyrite FeS2 thin films. They also have important
implications for FeS2 solar cell development, emphasizing the need for (a) nanoscale
chemical homogeneity, (b) caution in interpreting carrier types and densities, and (c)
doping control in pyrite FeS2 films.
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Chapter 1: Introduction
As global climate change due to anthropogenic generation of carbon dioxide threatens
ecosystems, economical renewable energy generation to replace burning fossil fuels and to
meet the global energy demand becomes important. One of the most promising amongst
renewable energy technologies is photovoltaics (PV), which utilize solar cells to convert
sunlight directly to electricity. Unfortunately, the materials used for PV still face several
limitations, inhibiting the large-scale deployment of solar cells based on these materials.[1]
The pyrite form of FeS2, on the other hand, has long been recognized as an ideal material
with high potential to overcome these limitations.[2] Although decades of research have
not lead to efficient solar cells based on FeS2, a number of important issues have been
identified. Resolving these issues would significantly advance our ability to control the
electronic properties of FeS2, a promising route to the fabrication of efficient and
inexpensive FeS2-based solar cells. In this chapter, I will first briefly introduce the
limitations of the current PV materials and establish the necessity for fundamental research
to develop new PV materials. Next, I will argue why FeS2 is potentially an ideal candidate
for PV and summarize research to date on developing FeS2-based solar cells. Following, I
will discuss, in detail, the critical issues with FeS2 as a PV material. Finally, I will
summarize the approaches we have taken to study and resolve these issues.

1.1 Sustainable photovoltaic technologies
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The need to supply energy to approximately 10 billion people is one of the biggest
challenges for our society in the 21st century. It is now well established that the release of
carbon dioxide from combustion of fossil fuels is significantly affecting the environment.
Currently, the global energy consumption is about 15 TW,[1] and the energy demand is
expected to increase significantly in the coming decades. The effects on the environment
caused by carbon dioxide emissions to the atmosphere could be devastating. This leads to
a situation where the mankind must replace fossil fuels with renewable and carbon-free
energy sources.

1.1.1 The “TW challenge” and photovoltaic technology
The “TW challenge” refers to[1,3] the effort necessary to supply more than 30 TW of
power using renewable and carbon-free energy sources by the mid-21st century.
Photovoltaics (PV) is the one of the most promising energy sources to meet this challenge.
Photovoltaics utilize solar cells (Figure 1.1(a)) to convert sunlight directly to electricity. It
is “green energy” in the sense that during energy production it does not release carbon
dioxide to the atmosphere. Given that the amount of solar energy available is practically
infinite, there is no doubt that photovoltaics are ideal for replacing fossil fuels among all
the renewable energy sources, including sunlight, wind, rain, tides, waves, and geothermal
heat. Figure 1.1(b) illustrates a typical p-n junction solar cell, in which two semiconductor
materials with different types of doping (p-type and n-type) are joined together. A depletion
region with an internal electric field, E, is created at the interface between the p-type and
n-type materials. Under darkness, there are no mobile carriers in the depletion region, but
2

when sunlight is incident on this junction, electron-hole pairs are generated and separated.
The mobile electrons and holes move away from each other under this electric field and
thus create electrical current to power an external load. Depending on whether the two
semiconductor materials are the same or different material, the p-n junction is called a
homojunction or a heterojunction, respectively. The p-type material and n-type material in
a solar cell junction do not have to be a semiconductor. In fact one of the materials of the
junction can even be a metal and this type of solar cell is called a Schottky solar cell. There
are also other means to use photovoltaic materials to generate electricity. For example,
photoelectrochemical cells can also be used. More detailed information about the structure
and working principles of various types of solar cells can be found in [4].

Figure 1.1 (a) A conventional crystalline silicon solar cell. Electrical contacts made from busbars
(the larger strips) and fingers (the smaller ones) are printed on the silicon wafer.[5] (b) A sketch of
a p-n junction solar cell.

Cost remains the biggest issue for widespread use of PV. Compared to the price of the
electricity from the national grid, the price of electricity generated by PV is at least three
times higher.[1] However, the price of electricity from national grid is expected to increase.
3

Figure 1.2 Projected convergence of the cost of electricity produced by PV and national grid
prices.[1]

As progress drives the PV cost down, the cost of electricity generation using solar cells
will become equal to the cost of electricity from the grid. This point is called grid parity,
and is expected to be reached in the near future. Figure 1.2 shows that the grid parity is
projected to be reached around 2020 but this depends on how fast the grid price will rise
and PV cost will decrease.[1] Actually a grid parity has already been achieved in some
regions in the U.S., such as southern California, where there is adequate sunshine and the
electricity from the grid is expensive. Therefore, cost may no longer be a serious issue for
PV deployment in the near future. Currently, the global PV production has reached almost
40 GWp/yr (Figure 1.3(a), Wp: nominal power, the capacity of a solar cell measured under
standard conditions.[6]), and this value will significantly increase as grid parity becomes
4

widespread. Although this already extraordinary success of PV is encouraging, a number
of issues in current PV technologies need to be resolved before electricity generation using
PV can leap from 10s of GW to TW levels.

1.1.2 The limitations of current PV materials for TW-scale solar cells
Currently the world PV market is shared by several PV technologies based on
crystalline silicon (c-Si), CdTe, hydrogenated amorphous silicon (a-Si:H), CuInxGa(1-x)Se2
(CIGS), organic solar cells (OPV) and dye-sensitized solar cells (DSC). Figure 1.3(a)
shows the 2014 PV world market share. Crystalline silicon, including monocrystalline
silicon (Mono c-Si) and polycrystalline silicon (Poly c-Si), share 92 % of the world’s PV
market, and Si remains the dominant PV material. Benefiting from the well-developed
integrated-circuit technology, the purity and semiconductor properties of c-Si can be well
controlled, leading to the highest efficiencies as indicated in Figure 1.3(b) (28 % champion
cell efficiency for Mono c-Si and 21 % champion cell efficiency for Poly c-Si), and robust
performance (> 20-year lifetime) in PV based on c-Si. Unfortunately, the high cost of c-Si
PV (> $1/Wp) has limited its widespread deployment. Such a high cost primarily originates
from the materials costs. Since c-Si is an indirect-bandgap semiconductor, its absorption
coefficient is quite poor, around 103 cm-1 in the visible-light range. This low absorption
leads to the requirement that the c-Si in solar cells must be approximately 100 µm-thick.
This increases the materials cost. Moreover, the energy cost of refining and purifying the
Si feedstock and Si loss while cutting the Si boule into wafers (called the Kerf loss) increase
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the cost for c-Si PV.[1] For these reasons, alternative PV materials that may lead to lowcost solar cells are being pursued since the 1960s.[1]

Figure 1.3 (a) Photovoltaic market size and the share of different technologies in 2014.[7] (b) The
current champion cell efficiency of different technologies.[8]

Thin film solar cells based on hydrogenated amorphous Si was one of the first
technologies to be pursued. Amorphous Si has a high absorption coefficient in the visible,
and thin films (≈ 1 µm) can be used. Moreover, the processing is Kerfless. Thus, the cost
of solar cells based on hydrogenated amorphous Si (a-Si:H) could be reduced to about half
the cost of c-Si solar cells. However, as shown in Figure 1.3(b) the efficiencies of a-Si:H
cells remained much lower than c-Si cells. Amorphous Si cells suffer significant lightinduced degradation, reducing the cell lifetime to less than five years. These drawbacks
prevent a-Si:H from replacing c-Si as the major PV technology.
6

Figure 1.4 Elemental abundance in Earth's upper continental crust as a function of atomic
number.[9]

The company First Solar brought another thin film PV technology based on CdTe into
the market in 1999.[10] In addition to the reduced materials cost, the CdTe cell efficiencies
have reached as high as Poly c-Si solar cell efficienties (Figure 1.3(b)). Consequently,
CdTe began to steal market share from c-Si, but more notably from a-Si:H. Solar cells
based on CIGS has also gained 2% share because it has lower cost and competitive
efficiencies (Figure 1.3(b)). These thin film technologies based on CdTe and CIGS are
promising for continued development and are competitive with c-Si both in cost and
efficiencies. However, there remain some important problems with these two materials. In
7

particular, both CdTe and CIGS comprise elements that are rare in the earth’s crust, which
potentially limits the application of these technologies at the TW scale. Figure 1.4 shows
the abundance of elements in the earth’s crust. Clearly, the abundance of elements Cd, Te
and In are comparable with Ag and Au and considerably rarer than Si. As a result, material
availability for TW-scale deployment is a major issue for solar cell technologies based on
CdTe and CIGS in terms of meeting the TW challenge.
Dye-sensitized solar cells (DSC) and organic photovoltaics (OPV) are two emerging
PV technologies. DSC is a type of photoelectrochemical solar cell (PEC). A typical PEC
comprises an electrolyte sandwiched between two electrodes one of which is a transparent
conductor and the other is a semiconductor. Organometallic dye molecules are attached to
the surface of a mesoporous semiconductor for light absorption. Light is absorbed by the
dye which transfers the photogenerated electron to the semiconductor. The electrolyte
reduces the charged dye and completes the circuit by transporting the positive charge to
the conductive counter electrode. A good reference reviewing the details about DSC can
be found in [11]. On the other hand, an organic solar cell resembles an inorganic p-n
junction solar cell. However, in an organic solar cell the incident sunlight creates excitons
(excited bound states of electron-hole pairs), instead of generating free electron/hole pairs.
The excitons are ultimately separated into electron/hole pairs at a donor/acceptor interface.
A good reference on OPV is in [12]. The biggest issues for both DSC and OPV are the low
efficiencies (both champion cell efficiencies < 12 %, see Figure 1.3(b)) and stabilities
(lifetime < 3 years). Furthermore, the use of glass substrates in DSC and OPV has
constrained their costs to be comparable to CdTe and CIGS based PV. In order to avoid
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glass, the primary applications of DSC and OPV so far have focused on PV technologies
requiring flexibility and low processing temperature.
Based on all the discussion above, none of the current PV materials seem to be an
obvious and ideal candidate for meeting the TW challenge. If eventually material
abundance becomes an issue, the growth of thin film technologies based on CdTe and CIGS
may stall, leaving Si-based PV in dominance, with concerns over material and processing
costs. With recognition of these issues with current PV materials, search for alternative
materials based on low-cost and earth-abundant elements continues. While there are
candidates, their potential remains completely unknown.

1.1.3 New thin film technologies based on abundant elements
Ideal PV materials would not only display high absorption in the visible, enabling use
of thin film solar cells to minimize materials costs, but would also be comprised of earthabundant (Figure 1.4), low-cost, non-toxic elements, amenable to large-scale production.
As discussed above, while the materials dominating the current PV market each offer
unique advantages, none are able to satisfy all of these requirements. Identifying new PV
materials meeting all these requirements thus becomes an important goal for the
development of PV technology. Several different new materials, such as the CIGS
derivative, Cu2ZnSnS4 (CZTS), and pyrite FeS2, have been identified. In 2009, Wadia and
coauthors made an estimation of the potential for generating electricity, and costs for
extracting the required raw materials, for over 23 potential PV materials based on their
theoretical solar cell efficiencies.[13] Figures 1.5 and 1.6 show their results. Figure 1.5
9

Figure 1.5 The predicted annual electricity production for 23 inorganic photovoltaic materials
based their known economic reserves (green columns) and annual production (yellow columns).
U.S. and worldwide annual electricity consumption are labeled for comparison.[13]

shows the annual electricity that can be generated by these materials, both from their
current annual production and refinement and from the known economic reserves. The US
and world electricity consumption levels are also shown for comparison. Clearly, neither
CdTe nor CIGS are among the top candidates, again indicating that material availability
can become a serious problem for these two technologies with respect to large-scale
deployment. Figure 1.6 shows the minimum extraction cost of the raw materials for the 23
PV candidates. Although the extraction cost does not necessarily represent a considerable
portion of the entire cost of a PV module, it can still assist in evaluating the material cost
in a PV technology. Based on Figures 1.5 and 1.6, a few materials with the annual
electricity generation potential higher than c-Si (i.e. x-Si), but with raw materials cost much
lower than c-Si, can be recognized. Interestingly, most of these low-cost abundant materials
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in Figures 1.5 and 1.6 are sulfides, of which pyrite FeS2 is acknowledged as the most
promising with potential annual electricity output almost four orders of magnitude higher
than the predicted value for c-Si and the lowest raw material cost (<0.000002¢/W). This
situation has stimulated much interest in using FeS2 as a thin film photovoltaic.

Figure 1.6 Minimum extraction cost (¢/W) of raw material for the 23 studied inorganic
photovoltaic materials. [13]

1.2 Challenges for PV technology based on iron pyrite
In fact, iron pyrite, FeS2, has been recognized as an ideal PV material since the mid1980s[2] because of its suitable optical and electrical properties for solar cells.
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Unfortunately, to date all efforts to make efficient solar cells based on this material have
failed. The specific reasons for this failure are still not well understood.

1.2.1 Pyrite FeS2 and its development for PV applications
Pyrite FeS2 has been a well-known mineral since well before its outstanding potential
for PV applications was recognized. Figure 1.7(a) shows a photograph of the FeS2 natural
mineral. Because of its golden color, this mineral is also known as “fool’s gold”. Pyrite
FeS2 is also the prototype of the more general pyrite crystal structure, which can simply be
viewed as the NaCl structure with Na atoms replaced by transition metal atoms (Fe in the
case of FeS2) and Cl atoms replaced by S2 dimers. The space group of FeS2 is 𝑃𝑎3̅[14] and
its basis can be expressed as:[15]
Fe: 0 0 0; 0 ½ ½; ½ 0 ½; ½ ½ 0
S: ±(u u u; u + ½, ½ - u, -u; -u, u + ½, ½ - u; ½ - u, -u, u + ½)
where u = 0.386. The lattice constant for bulk pyrite is 5.42 Å. Figure 1.7(b) shows the
pyrite structure of FeS2. Each Fe atom is octahedrally coordinated with six S atoms, while
each S atom is tetrahedrally coordinated with three Fe atoms and one S atom.
Figure 1.8 shows the proposed density-of-states (DOS) for pyrite, FeS2. Based on the
ligand field theory (assuming ionic character), the octahedral coordination of the Fe atom
causes its d-levels to split into degenerate triplet t2g and doublet eg energy states.[2] The Fe
t2g states build the bonding states and orient themselves away from the Fe-S bonding
direction. The broad S 3pπ* states superimposed by the Fe t2g states form the valence band.
On the other hand, the Fe eg states orient themselves along the Fe-S bonding direction and
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thus hybridize with S 3pσ* states, forming the conduction band. The band gap, which
separates the occupied Fe t2g states and the unoccupied eg states, is around 0.95 eV. Such a
proposed DOS diagram for pyrite FeS2 is further supported by various more accurate
theoretical calculations and experimental measurements, such as DFT band structure
calculations, photoemission spectroscopy, optical, and magnetic measurements.[2]

Figure 1.7 (a) An image of natural pyrite FeS2.[16] (b) The crystal structure of pyrite FeS2.[17]

Figure 1.9 shows the Fe-S phase diagram, where the pyrite FeS2 or β-FeS2 can be seen
at 66.67 Atomic % S. Although the phase diagram seems to indicate that below 444.6 C
the marcasite FeS2 or α-FeS2, a polymorph of pyrite FeS2 with the same stoichiometry, is
more stable than pyrite FeS2, this is not really the case since pyrite FeS2 is widely observed
to be quite stable at room temperature.[2,18,19] Furthermore, the phase diagram reveals
the homogeneity range of pyrite FeS2 to be between the stoichiometric compound and
13

Figure 1.8 The schematic density of states distribution of pyrite FeS2 with the atomic states
contributing to the electron bands illustrated.[2]

0.5 % to the Fe-rich side. However, whether pyrite FeS2 is a line compound or is capable
of

tolerating

significant

off-stoichiometry

remains an

open

question.

Large

nonstoichiometry (> 1 at.%) was in fact widely reported in pyrite FeS2, with the S:Fe ratio
ranging from 1.7 to 2.1 based on measurements on FeS2 single crystals and on thin films
using chemical analysis, density measurements, Rutherford backscattering spectroscopy,
energy dispersive spectroscopy, X-ray diffraction refinements, inductively coupled plasma
mass spectroscopy, and similar techniques.[2,18,20,21,21–29] But this reported
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Figure 1.9 Fe-S phase diagram [2]

“nonstoichiometry” in FeS2 could be due to measurement errors or sample contamination.
Some researchers also believe that S deficiency in FeS2 could be due to S-deficient
impurity phases instead of S vacancies, while S excess could be caused by excess S on the
surface, or inside the grain boundaries, rather than Fe vacancies. Accordingly, no definitive
evidence has been provided to prove that nonstoichiometry can exist in FeS2.
When thin film PV technologies started to emerge, pyrite structure FeS 2 was quickly
acknowledged as a PV material with outstanding potential. The pyrite band gap ( 0.95
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eV) lies within the broad region recognized by Shockley and Queisser[30] to yield highest
theoretical solar cell efficiencies (32 %) and the absorption coefficient exceeds a
remarkable 105 cm-1 above 1 eV, rendering a thickness of < 100 nm sufficient to absorb >
90 % of sunlight.[2] This can be compared to > 200 μm for Si.[1] In addition, pyrite
possesses good mobility (> 300 cm2V-1s-1 in single crystal form[2]), and minority carrier
diffusion length (100-1000 nm[2]) comparable to or larger than the absorption depth used.
Nevertheless, significant research efforts from the mid 1980’s proved unsuccessful in
realizing high performance FeS2-based solar cells.[2] Short circuit current densities > 30
mAcm-2 were obtained, along with good quantum efficiencies up to 90 %, but with very
low open circuit voltages (VOC < 0.2 V), limiting power conversion efficiencies (η) to under
3 %, even in single-crystal-based photoelectrochemical and Schottky cells. For instance,
Figure 1.10(a) shows the reported I-V characteristics under illumination for a solar cell
based an n-FeS2 crystal/Pt Schottky junction. As the figure indicates, this Schottky cell
based on an FeS2 single crystal possesses a low VOC of 75 mV with η < 0.5 %.[31] Such
disappointing results, which were quite widespread, led to dwindling interest in pyrite as a
solar absorber in the 1990’s, particularly in light of the emergence of CdTe and CIGS as
thin film photovoltaics.[1]
Nevertheless, as the limitations of the current thin film PV technologies came to light,
the outstanding potential of FeS2 as a solar absorber, in tandem with the minimal toxicity,
low costs, and abundance of Fe and S, has stimulated renewed interest. New synthesis
routes are being explored,[19,23,24,26,32–38] substantial efforts are being made to
understand defects/doping[19,23,25,26,34,38–42] and surfaces/interfaces,[23–25,27,27–
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29,39,41] and properties are being revisited.[23,24,26] However, recent work remains to
demonstrate low η in solar cell based on FeS2, such as the solar cell based on FeS2
nanocrystal thin films in Figure 1.10(b).[43] The community studying FeS2 thus realizes
that fundamental issues about the semiconducting properties and the poor solar cell
performance have to be answered before any improved solar cells based on FeS 2 can be
made. Understanding these fundamental questions will also help to reevaluate the potential
of FeS2 for PV applications.

Figure 1.10 Low efficiencies of solar cells based on (a) an n-FeS2 crystal/Pt Schottky junction[31]
and (b) a FeS2 nanocrystal thin film[43]

1.2.2 Critical issues for developing FeS2 thin film solar cells
While no single problem underlying the poor photovoltaic performance of pyrite FeS2
has yet been definitively isolated, a number of potential factors have been identified.
Prominent among these is that the FeS2 conduction mechanisms are poorly understood.
Furthermore, doping is another contentious issue in pyrite, where, for example, bulk single
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crystals are almost exclusively n-type[2,41,44] (perhaps due to S vacancies[41]), whereas
polycrystalline thin films are typically deduced to be p-type.[2,19,23,24,34,38,45–48] The
fundamental reason(s) for this are not understood, and indeed the primary point defects
expected in FeS2 remain a matter of intense debate.[21,26,39,40] Controlled intentional nand p-doping of FeS2 thus remains an outstanding challenge. One important consequence
of this inability to understand doping in FeS2 films is that the work evolved away from
potentially simpler p-n homojunction or p-i-n cells, instead favoring photoelectrochemical
and metal/FeS2 Schottky-type devices.[2,31] The failure of such devices to yield large open
circuit voltages or efficiencies has been interpreted many ways, the existence of
uncontrolled surface states and defects being one widely-cited example.[2,23,25,26,41]
There are, for instance, abundant issues with FeS2 surfaces and interfaces. Conductive
surface layers,[2,23–25,31,34,41] surface inversion layers,[23,25,41,49] surface electronic
states,[2,23–25,31,34,41] surface non-stoichiometry, defects, and deep traps,[2,23–29] and
a reduced surface energy gap[50,51] have all been discussed. Interestingly, the optical
properties in FeS2 never really seem to be the issue, given FeS2 always shows an absorption
coefficient higher than 10-5 cm-1 at hν > 1 eV. In the following sections, I will elaborate
some of the most plausible aspects and reasons for the uncontrolled semiconducting
properties and the poor PV performance in FeS2.

1.2.2.1 Stoichiometry and unintentional doping in FeS2
Understanding the doping in FeS2 is critical for identifying possible solutions to
improve the FeS2-based PV performance. FeS2 single crystals are predominately reported
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as n-type, while FeS2 thin films are widely claimed to be p-type. This is puzzling.
Originally this puzzle was explained in terms of uncontrolled dopants in FeS2 single
crystals and thin films being different, [2,19,23,24,34,38,45–48,52] which implied that the
doping issue is complicated and depends on how the FeS2 is synthesized. However, the
work in this thesis supports that this puzzle is actually not caused by different doping
mechanisms in single crystals and thin films, but instead we show that unconventional
charge transport in FeS2 can lead to artifacts in measurements (both Hall effect and
thermopower) used to conclude the carrier types in a semiconductor. Specifically we argue
in this thesis that uncontrolled dopants only lead to FeS2 having n-type conduction, both in
crystals and thin films. The resolution to this puzzle is proposed and argued in more detail
in Chapter 5.
The uncontrolled n-type dopants in FeS2, or the unintentional donors, remain
unidentified to date.[2,25,40,41] There are several proposed explanations, however, the
most apparent and conceivable mechanism is that the donors are from intrinsic point
defects, such as vacancies, interstitials and antisites of Fe and S. Density functional theory
(DFT) is considered a useful approach to study the intrinsic defects and stoichiometry in
FeS2, since DFT is a powerful technique to reveal the electronic and crystal structure of a
material. There are several varieties of DFT, with different functionals and approximations.
DFT in the local-density approximation (LDA), or the genearalized gradient approximation
(GGA), are the two of the most common approaches for researchers studying solid
materials. However, these two methods are often incapable of predicting the localized
nature of 3d electronic states in transition metal sulfides like FeS2.[53] Because of
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delocalization of the 3d electrons, these two methods predict a number of properties of
FeS2 incorrectly, such as underestimation of the band gap. In fact, DFT + LDA or GGA
sometimes even predicts the bandgap of pyrite FeS2 is zero,[54] in disagreement with all
experimental observations, including photoconductivity,[55] optical absorption,[24] X-ray
absorption spectroscopy[56] and temperature-dependent resistivity[41] measurements,
among others. Consequently, DFT with some hybrid functionals, such as HSE06 or
B3LYP, have been applied to study FeS2, but overestimate the bandgap of pyrite FeS2
instead.[57]
The DFT + GGA with Hubbard U correction has become the method of choice for
studying FeS2 properties, since this method predicts several material parameters that are
very close to the experimental values for FeS2, including the bandgap and lattice
constant.[26,40,51] For instance, Figure 1.11 shows the selected results from ab-initio DFT
study of FeS2 by Hu et al.. As shown in Figure 1.11(b), DFT with Hubbard U correction
predicts an indirect bandgap of 1.02 eV for FeS2. This value agrees quite well with the
experimentally measured indirect bandgap of 0.95 eV in FeS2. The calculated lattice
constant a (see Figure 1.11(a)) is 5.422 Å and the u describing the S position is 0.385, both
of which are quite close to the experimental values (see Section 1.2.1). Figure 1.11(c)
illustrates the density of states in FeS2 calculated based on DFT + GGA, DFT + hybrid
functional HSE06, and DFT +GGA with Hubbard U correction. The bandgaps calculated
from these three methods are 0.50 eV, 2.69 eV and 1.02 eV, respectively. Based on the
predicted bandgap and several other parameters very close to the experimental values, DFT
with Hubbard U correction is believed capable of describing the crystal and electronic
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structures of FeS2, and hence this method is widely applied for studying doping
mechanisms, surface states and phase stability in FeS2 (I will discuss the subsequent two
aspects in the Sections 1.2.2.2 and 1.2.2.3).[26,40,51]

Figure 1.11 (a) The unit cell of bulk pyrite FeS2. Violet and yellow spheres indicate iron and sulfur
atoms, respectively. The noted parameter a indicates the lattice parameter and u indicates the sulfur
position in a basis (see Section 1.2.1). (b) The electronic band structure of bulk FeS 2 calculated
with the GGA+U technique. The red curves indicate the lowest conduction band and the highest
valence band. The horizontal green dashed lines indicate the conduction band minimum (CBM)
and the valence band maximum (VBM), which has been set as the reference energy. (c) The density
of states (unit: states/eV per cell) of bulk pyrite calculated with three different techniques (GGA+U,
GGA and HSE06). [40]
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However, DFT with Hubbard U correction, along with all other DFT techniques cannot
explain the unintentional doping in FeS2 because all the DFT calculations indicate that the
formation energies for various intrinsic defects in FeS2 are too high to have significant
contributions at room temperature. Under this condition, pure FeS2 should always be
stoichiometric, close to a line-compound and un-doped, with neither n-type nor p-type
conduction. Table 1.1 shows the formation energy (Hf) of Fe and S vacancies (VFe and VS)
in bulk FeS2, calculated from DFT + GGA with U correction. The Hf for VFe ranges from
1.7 to 3.3 eV, and for VS ranges from 2.27 to 3.5 eV, thus both are too high to form
substantial amounts of vacancies at room temperature.[26,40,42,51] The Hf for VFe and VS
were also calculated based on other forms of theoretical modeling,[22,58] with the results
comparable as for DFT. On the other hand, the experimentally measured Hf’s of VS from
XRD refinements are much less than the calculated values, only around 0.3 eV.[15,21,59]
Such a large discrepancy between experimental and theoretical values about Hf in FeS2 has
not been understood yet. In the DFT work from Hu et al. mentioned above, the authors
commented on this issue. First, they believe that the DFT studies may tend to overestimate
the formation energies for point defects in FeS2, given similar cases in other materials. For
instance, the formation energy of O vacancies in rutile TiO2 is predicted to be 3.0 – 5.3 eV
by DFT even though the O vacancies have already been observed experimentally at room
temperature in this material.[60] Furthermore, they argue that the experimentally measured
FeS2

samples

are

usually

synthesized

via

non-equilibrium

conditions

with

nonstoichiometric supplies of Fe and S. Whether such conditions can cause significant
deviation of the FeS2 stoichiometry is still unknown. With either of the arguments not being
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ruled out, additional work on both the theoretical calculations and the experimental works
about FeS2 may be still required.

FeS2

Bulk

Surface

Hf (VFe, neutral) [eV]

N (VFe, 500 °C) [cm-3]

Hf (VS, neutral) [eV]

N (VS, 500 °C) [cm-3]

Reference

1.8 - 3.3

< 4.7 × 1010

3.5 - 2.7

< 1.3 × 105

DFT, Sun et al.[42]

1.75 - 3.00

< 1.0 × 1011

3.00 - 2.36

< 2.1 × 107

DFT, Law et al.[40]

1.82 - 3.00

< 3.5 × 1010

3.00 - 2.42

< 8.5 × 106

DFT, Zunger et al.[26]

1. 70 - 3. 12

< 2.1 × 1011

2.97 - 2.27

< 8.1 × 107

2.54

< 7.0 × 105

2.32

< 3.8 × 107

2.18

< 1.6× 108

1.66

< 7.6 × 1011

N/A

N/A

0.3

5.6 × 1020

N/A

N/A

0.20 ± 0.02

2.5 × 1021

N/A

N/A

0.32 ± 0.03

4.1 × 1020

DFT, Yildiz et al.[51]
Macro-cavity model,
Fiechter et al.[58]
Macro-cavity model,
Ellmer et al.[22]
XRD refinement,
Tributsch et al.[21]
XRD refinement, Heras
et al.[15]
XRD analysis, Chrystall
et al.[59]

0.26 - 1.67

< 5.1 × 1020

2.13 - 1.42

< 2.8 × 1013

DFT, Yildiz et al. [51]

N/A

N/A

0.4

1.2 × 1020

DFT, Zunger et al. [26]

N/A

N/A

0.10 ± 0.03

1.1 ×

1022

XPS, Yildiz et al.[28]

Table 1.1 The formation energies (Hf) of neutral Fe vacancies (VFe) and S vacancies (VS) for FeS2
bulk and surface obtained from literature. The concentration (N) of Fe and S vacancies at 500 °C
(a typical synthesis temperature for FeS2 single crystals) is also calculated and shown in the table.

Since whether FeS2 is strictly stoichiometric and how the intrinsic defects affect the
doping remains unsolved, intrinsic defects and nonstoichiometry cannot be completely
ruled out for causing the unintentional n-doping. S vacancies are believed to be the most
plausible intrinsic donors for FeS2 given that most of FeS2 samples are reported as Sdeficient.[2,21,22] As shown in Table 1.1 for bulk FeS2, the Hf of VS measured by XRD
refinements is around 0.3 eV, then based on:
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𝑁(𝑉𝑆 ) = 𝑁0 exp(−

𝐻𝑓
)
𝑘𝐵 𝑇

(1.1)

where N0 is the atomic density of S in FeS2, and equals to 5.0 × 1022 cm-3, such a low Hf
would generate 5.6 × 1020 cm-3 of S vacancies after FeS2 synthesis at 500 °C (a typical
synthesis temperature for FeS2 single crystals). This value is reasonable when compared to
measured doping concentration in FeS2 single crystals.[2,25,41] In addition, in the simplest
case, a single S vacancy in the S2 dimer would dope FeS2 with an electron. Therefore, S
vacancies are believed to be a possible reason for causing the unintentional donors in FeS2.
Other point defects are considered to be less important. Fe vacancies are usually believed
to have high formation energy and dope FeS2 with holes. [2,21,22] Fe and S interstitials
are also quite unlikely to be formed considering the crystal structure of FeS2. The atom
density in pyrite FeS2 is still high, even though it is not a close-packed structure and the
interstitial spaces are too small to accommodate Fe and S interstitials. Thus, the level of
both Fe and S interstitials cannot be very high.[61] For instance, the sphalerite ZnS only
has half the number of sulfur atoms per unit cell, but its lattice parameter is the same as
FeS2’s. Furthermore, in the pyrite structure of FeS2 (Figure 1.7 (b)), the charge for each Fe
ion is +0.6 while for each S ion is -0.3. These make antisites also unlikely.[62]
Besides S vacancies, extrinsic dopants during the sample synthesis have also been
considered as possible unintentional dopants in FeS2, because DFT calculations always
show defect doping to be unlikely in FeS2. The most commonly used method for growing
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FeS2 crystals is chemical vapor transport (CVT, more details in the Section 2.2), where
iron halide or pure halogen are used as the transport agent. Since Cl and Br are predicted
to be donors for FeS2 based on DFT,[40] unintentional doping by halogen atoms is
suspected in FeS2 single crystals. However, the crystals synthesized by the flux
method[41,63] without halogen exhibit electronic transport as the CVT grown crystals,
remaining n-type. On the other hand, various metal impurities introduced by the synthesis
process are also proposed as the possible unintentional dopants in FeS2, since it is known
that some metals, such as Al, Cu, Co and Ni, can dope FeS2 with electrons.[64–67] But the
impurity analysis on synthetic FeS2 single crystals without intentional doping does not
indicate any significant amount of such halogen or metal impurities.[2,41] For instance, in
a recent study Law et al. performed a detailed impurity analysis on synthetic n-type FeS2
single crystals using glow discharge mass spectroscopy, instrumental gas analysis and
secondary ion mass spectroscopy. Their results revealed that the concentration of each
extrinsic impurity was less than the measured donor concentrations in the FeS2 single
crystals. As a result, their results strongly suggest that none of the extrinsic impurities
discovered in n-type FeS2 single crystals can be the n-type dopant, thus the donors are very
likely to originate from intrinsic defects, such as S vacancies. Additional studies of the
correlations between the impurity concentrations and the carrier densities would be quite
informative for further evaluating whether extrinsic impurities are responsible for the
unintentional doping in FeS2.
In general, the unintentional n-type doping remains an open question for pyrite FeS2. It
is still unclear whether FeS2 is doped by intrinsic defects or extrinsic impurities. An aspect
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which makes this question more puzzling is that FeS2 single crystals predominantly show
n-type conduction, but FeS2 thin films are widely claimed to be p-type, as introduced
previously. Naively this would imply that no matter what types of unintentional dopants
exist in FeS2, they turn out somehow to be different in crystals and in thin films. However,
later in Chapter 5, I will show that most thin films are in fact not actually p-type. The
previous misunderstanding of the carrier type in FeS2 thin films is in fact caused by some
problems with unconventional charge transport in FeS2 thin films. Our study in fact
indicates that the widely-measured “p-type conduction” is an artifact from hopping
transport in FeS2. In addition, our results also reveal n-type FeS2 thin films, and suggest
the n-type dopants are very likely the same as in FeS2 single crystals.

1.2.2.2 Electronic states, tunneling barriers and altered bandgaps near the FeS2
surface
As introduced previously, solar cells with simple p-n or p-i-n homojunction structures
cannot be achieved in FeS2 because the doping mechanisms are unclear. On the other hand,
FeS2-based solar cells with heterojunction structures, such as Schottky cells or
photoelectrochemical cells, have always revealed a low VOC, ~0.2 V, compared with the
expected valve of 0.5 V. Surface properties of FeS2 are believed to be essential for
explaining this low VOC.[2,23–25,31,34,41] For example, during the study of various types
of heterojunction solar cells based on FeS2, Tributsch et al. discovered that surface
treatments of FeS2 significantly influence the PV performance.[31] Their study indicated
that mechanical polishing and chemical etching always cause ohmic characteristic behavior
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with no photoeffect in the FeS2/metal junction. Only reducing the FeS2 surface with protons
using electrochemical methods was found to be capable of creating a rectifying behavior
in the junction. Tributsch et al. also discovered that the Fermi level is close to the edge of
the valence band based on X-ray photoelectron spectroscopy (XPS), although the Hall
effect measurements show that the crystals are n-type. This result could indicate strong
band bending on the surface, under the assumption that the band gap remains unchanged
on the surface of FeS2 compared with the bulk. Tributsch et al. suggested that the low VOC
discovered in heterojunction solar cells based on FeS2 is very likely caused by this band
bending on the FeS2 surface, along with a high concentration of bulk and/or interfacial
surface states. The XPS results indicated that the Fermi level is 0.30-0.35 eV above the
valence band edge, so that the band bending was estimated to be 0.7-0.8 eV. Such a large
band bending may cause significant amounts of recombination centers in the PV process.
Based on their study, Tributsch et al. proposed the band diagram shown in Figure 1.12(a)
for the surface of FeS2.
Later, Bronold et al. applied contactless surface photovoltage measurements on
synthetic single crystals of FeS2. They believed the measurements could not be explained
solely by surface states causing the band bending, but rather have to be considered as
including bulk defect states at the mid-gap in FeS2.[68] Using ultraviolet photoelectron
spectroscopy (UPS), Bronold et al. observed that the surface Fermi level is pinned at the
valence band edge. This is different from what Tributsch et al. observed, where the Fermi
level was 0.30-0.35 eV away from the valence band edge. Based on their results, Bronold
et al. provided a slightly different band diagram compared to Tributsch et al., as shown in
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Figure 1.12 Proposed band diagrams of FeS2 based on (a) characterizing a Schottky cell based on
FeS2, impedance measurements and XPS from Tributsch et al.;[31] (b) ultraviolet photoelectron
spectroscopy (UPS) and surface photovoltage measurements from Bronold et al.;[68] (c)
temperature-dependent conductivity and Hall effect measurements, and UPS from Law et al.;[41]
(d) temperature-dependent conductivity and Hall effect measurements, UPS, XPS, optical
measurements and impedance measurements from Jin et al..[25]

Figure 1.12(b). From the S deficiency measured in the crystals, Bronold et al. believe that
the level of bulk states is around 1020-1021 cm-3. Since the energy of such bulk states are
higher than the surface states pinning the Fermi level to the valence band edge, all the bulk
states are depleted at the crystal surface, leading to a narrow and sharp surface depletion
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region, which is around 2 nm, formed at the crystal surface. Such a surface layer allows
electrons to tunnel through, probably with the assistance of the depleted defect states.
Therefore, this sharp tunneling barrier cannot effectively separate the charge pairs, limiting
the maximum VOC to as low as 0.3 V. Although the band diagrams from Tributsch et al.
and Bronold et al. are quantitatively different (e.g., the location of the Fermi level with
respect to the valence band edge at the surface), they are qualitatively similar in that both
indicate a tunneling barrier on the FeS2 surface.
Recent work accepted and extended this hypothesis on the existence of tunneling
barriers, caused by bulk defect states and surface states close to the valence band edge.
Law et al. argued that they observed an inversion layer on the FeS2 surface based on the
inversion of Hall effect signs at low temperatures.[41] Figure 1.13(a) shows their
conductivity and Hall coefficient (RH) data as a function of inverse temperature from a
1040 µm thick synthetic FeS2 single crystal. Although the conductivity data seems to
indicate a temperature dependence with various activation energies at different temperature
ranges, the Hall data shows an abnormal behavior at low temperature, where RH first
decreases as the temperature decreases after around 100 K, then increases again. Law et al.
think this behavior of RH is due to surface conduction on FeS2 at low temperature, which
replaces the bulk conduction which dominates at higher temperature. As the Hall data
shows, RH has a “valley” at around 90 K, and its sign fluctuates between positive and
negative after 90 K. Law et al. comment that this variation of Hall signs is due to very
small Hall voltages. However, they believe that the appearance of the positive Hall sign is
from real p-type conduction, so that they are observing an inversion layer on the surface.
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Their UPS measurements supported this conclusion, and the results indicated that the Fermi
level is 0.1 eV above the valence band edge on the surface. In addition, as the crystal
thickness was decreased, the location where RH begins to decrease shifts to higher
temperatures, implying that the surface conduction becomes dominant at a higher
temperature as the surface to bulk ratio is increased. Based on these measurements and
analysis, Law et al. proposed the band diagram shown in Figure 1.12(c), which is again
qualitatively similar to Figure 1.12(a) and (b). Law et al. suggested that such an inversion
layer could behave similarly to a tunneling barrier as Bronold et al. had proposed for
limiting the VOC in FeS2-based heterojunction cells.

Figure 1.13 The conductivity and Hall coefficient (RH) as a function of inverse temperature from
synthetic FeS2 single crystals with (a) 1040 µm thickness and (b) other different thickness,
measured by Law et al..[41]

After Law’s study, Jin et al. conducted studied properties of FeS2 nanostructures, such
as nanowires[19] or nanobelts,[38] using the field-effect transistor (FET) configuration,
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and observed a negative transconductance in the FET. Their results also implied a surface
inversion. However, in their most recent work on synthetic FeS2 crystals,[25] Jin et al.
believe that the deep donor states in the bulk are more important for determining the
transport in all FeS2 single crystals and causing the low VOC in FeS2-based heterojunction
cells. Based on their study on synthetic FeS2 single crystals, Jin et al. provided a band
diagram shown in Figure 1.12(d). Based on their band diagram, Jin et al. suggest that the
sharp barrier caused by both the deep bulk states and the surface states allows the current
to tunnel through the junction so that one cannot efficiently separate charge pairs, similar
to what Bronold et al. proposed.
Although several studies have argued and showed evidence that band bending and a
tunneling barrier at the surface may be important for causing the low VOC, another
important issue, which has not yet been definitely solved is the value of the band gap at the
FeS2 surface. A number of studies showed and confirmed that the bandgap of bulk FeS2 is
around 0.95 eV, but the surface bandgap may not be this value and could be significantly
narrower. Law et al. suggested that a surface layer with a narrow bandgap could explain
their experimental observations as well as the surface inversion layer they proposed.[41]
In fact, recently Yildiz et al. conducted scanning tunneling microscopy (STM)
measurements on the (100) surface of FeS2 single crystals, and inferred that (Figure 1.14(b))
the surface bandgap is 0.4 ±0.1 eV.[50,51] This value is significantly smaller than the 0.95
eV, the bulk bandgap in FeS2. This experimental result agreed with DFT calculations with
U corrections.[26,50,51] Figure 1.14 compares the DOS calculated using DFT and the
STM conductance. If bandgap on the FeS2 surface is much smaller than the bulk value, it
31

could easily explain the low VOC in FeS2-based heterojunction solar cells. Additional
studies probing the surface electronic structure, such as the inverse photoemission for
probing the position of the conduction band with respect to the Fermi level, would be very
informative for determining the bandgap of the FeS2 surface, and for resolving this issue.
It is believed that the surface inversion layer or the reduction of the surface bandgap is
caused by some uncontrolled surface states due to the reduced symmetry on the FeS2
surface. In FeS2 (Figure 1.7(b)) each Fe atom is octahedrally coordinated to six S atoms,
whereas on the surface the Fe atom is square-pyramidally coordinated to five S atoms. The
coordination for each S atom is also different on the surface because of the broken
symmetry. Such altered coordination for both Fe and S atoms is believed to create surface
states.[2,23–25,31,34,41] Photoelectron spectroscopy with different photon energies (UV
sources: UPS, X-rays: XPS, synchrotron radiation: SXPS) were applied to study these
surface states, especially on the FeS2 (100) surface, since this is the surface with the lowest
surface energy.[50,51,68,69] For instance, Uhlig et al. conducted a SXPS study on the FeS2
(100) surface. Two of their spectra are shown in Figure 1.15.[69] Specifically, Figure
1.15(a) shows the SXPS results of the S 2p orbital, which shows that the S 2p3/2/2p1/2
doublet in the S2 dimer on the surface shifts to a lower energy (peak b) than the bulk value
(peak c). Furthermore, a peak a for S2-, the S2 dimer with a S vacancy, is also observed.
Moreover, the SXPS of the Fe 2p orbital (Figure 1.15(b)) shows a long energy tail
associated with the surface Fe3+, in addition to the Fe2+ which exists in both the FeS2 surface
and the bulk. The existence of Fe3+ implies the existence of possible Fe vacancies on the
FeS2 surface.
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Figure 1.14 The bandgap at the surface of FeS2 based on (a) DFT+U calculations and (b) tunneling
spectroscopy.[51]

Figure 1.15 The synchrotron radiation photoelectron spectroscopy of (a) sulfur 2p orbital and (b)
iron 2p orbital on a FeS2 (100) surface. In (a) peak c is the bulk S2 dimer, peak b is the surface S2
dimer, and peak a is the surface S2- (S2 dimer with a S vacancy). In (b) the most intense peak is the
bulk Fe2+, and the long energy tail includes contributions from both Fe2+ and Fe3+ at the surface.[69]

DFT calculations can predict the energy level locations of the defect states. For
example, Figure 1.16 shows the energy level locations of the states due to the Fe vacancy,
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the S vacancy and the S2 dimer vacancy on the FeS2 (100) surface. However, as with the
bulk defects, the formation energies for the defects on the surface calculated using DFT
(see Table 1.1) are much higher than the values measured using photoelectron spectroscopy.
This disagreement casts some doubts on the DFT calculations for revealing the electronic
structure of the FeS2 surface.

Figure 1.16 The density of states on FeS2 (100) surface calculated using DFT+U, the red colored
states indicate (a) the Fe vacancy, (b) the S vacancy and (c) the S2 dimer vacancy defect states.[51]

As I have shown above, the issues with the surface layer, surface states and surface
bandgap are quite complicated and have not been completely resolved. Further studies are
necessary for validation of the aforementioned findings. In addition, although most studies
implicitly assume that surface band bending and inversion are universal, the surface
properties of FeS2 samples studied by different groups or even within a single group are
quantitatively different. Given that the surface bandgap could be significantly narrower
than that for the bulk, the band bending and inversion may not be universal even if they do
exist in some FeS2 samples. In fact, our group has discovered that in some of our synthetic
34

FeS2 single crystals the Hall coefficient remains negative down to temperatures lower than
5 K, implying no surface inversion. It was suggested that the inverted surface is the reason
why most of the FeS2 thin films are claimed to be p-type. But in this thesis (Chapter 5), we
offer an alternative explanation for the widely-claimed “p-type conduction” in FeS2 thin
films.

1.2.2.3 Secondary phases and resulting hopping transport in FeS2
Another important issue that affects the electronic properties of FeS2 thin films is the
potential existence of secondary phases within FeS2. There are several stable Fe-S phases
(as shown in Figure 1.9) other than FeS2, and these can easily form during FeS2
synthesis.[2,23,26,39,70] Marcasite FeS2, the polymorph of pyrite, is a common impurity
phase that can coexist with pyrite FeS2.[2,23,39] In addition to marcasite, stoichiometric
troilite FeS and offstoichiometric pyrrhotite Fe1-δS (0 < δ < 0.2) are also frequently
discovered to accompany pyrite FeS2, especially under S-poor synthesis conditions.[2,70]
Figure 1.17 shows the crystal structures for troilite, pyrrhotite and marcasite. Troilite is the
stoichiometric Fe1-δS (δ = 0) with the hexagonal crystal structure (space group
P63/mmc).[71] It is a narrow-gap Mott insulator with only ferrous Fe2+ ions. As a result, it
is antiferromagentic. As δ increases from zero, the troilite becomes pyrrhotite Fe1-δS with
the hexagonal structure distorting into the monoclinic structure.[71] In addition, some
ferrous Fe2+ ions convert to ferric Fe3+ ions, leading to more hole carriers added to the Fe
3d band. Thus, the Fe1-δS (δ ≠ 0) transitions to a highly degenerate ferrimagnetic
semiconductor with transport behavior close to metallic. On the other hand, the polymorph
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marcasite FeS2 is orthorhombic with the space group Pnnm.[39] The electronic and
magnetic properties of marcasite have not been investigated thoroughly and remain
ambiguous. It has been proposed that marcasite has a narrower bandgap than pyrite FeS2
because of the reduced symmetry in marcasite. The temperature-dependent resistivity
measurements on a natural marcasite single crystal implied that the marcasite bandgap is
0.34 eV, consistent with some expectations.[72] However, temperature-dependent
resistivity measurements are not entirely reliable for the determination of semiconductor
bandgap. In addition, the purity of this marcasite single crystal was not thoroughly studied
and no other experiments have been conducted to confirm this result. On the other hand,
studies with different DFT techniques by Sun et al. predicted the bandgap of marcasite is
at least comparable to that of pyrite.[39] However, given the limitations of DFT, the
bandgap of marcasite calculated from DFT is not entirely reliable. Therefore, more work
is needed to establish the bandgap of marcasite FeS2 and to clearly understand its electronic
structure.

Figure 1.17 Crystal structures of (a) troilite FeS,[73] (b) pyrrhotite Fe1-δS[74] and (c) marcasite
FeS2[39]
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The impurity phases, such as troilite, pyrrhotite and marcasite, are expected to be much
more conductive than pyrite FeS2.[23,70–72] In this thesis, we will show that these
nanoscale conductive phases in pyrite FeS2 cause the emergence of intergranular hopping
transport. Thus, conventional diffusive transport is not a foregone conclusion if the films
are not homogeneous phase pure FeS2. In fact, transport mechanisms in FeS2 have been
poorly understood for a long time, and one of the reasons that complicated interpretion of
data may have been the presence of impurity phases complicating electronic transport. In
many studies, it was assumed, without any proof, that the transport mechanism in FeS2 is
diffusive transport, where the carrier transport happens in the conduction or valence bands
through delocalized states.[2] While diffusive transport is the conventional charge
transport mechanism in semiconductor materials,[75] this is not always the case,
particularly where there are reasons for disorder and impurity phases to exist. In hopping
transport, a charge carrier hops from one localized state to another, and this mechanism is
encountered in semiconductor materials[75] with electronic disorder due to heavy defects
or impurities. A classic example of a semiconductor material with hopping transport is
amorphous Si. Some good references about hopping transport in semiconductors are [76–
78]. Measuring temperature-dependent resistivity, ρ(T), is a good approach for revealing
the transport mechanism in a semiconductor.[75] When the transport behavior is diffusive
transport, the ρ(T) has an activated behavior, and follows the Arrhenius form, i.e., [75]
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𝐸𝐴
𝜌(𝑇) = 𝜌0 exp (
)
2𝑘𝐵 𝑇

(1.2)

where ρ0 is the resistivity in the infinite temperature limit, EA is the activation energy, kB
is the Boltzmann constant and T is the temperature. Figure 1.18(a) illustrates an energy
diagram of a diffusive transport with electrons activated into the condution band to conduct.
ρ0 actually has a weak temperature dependence so that, strictly speaking, equation (1.2) is
only valid at low temperature where kBT << EA. When kBT ≈ EA the resistivity depends on
temperature both through the term ρ0 and the exponential term. Thus, in this limit,
temperature dependence of resistivity is non-exponential and is weak.

Figure 1.18 The energy diagrams illustrating (a) diffusive transport with activated behavior and (b)
hopping transport. EC is the conduction band minimum, EV is the valence band maximum, ED is the
energy level of donor states, and EF is the Fermi level. In (a) electrons (red dots) are activated from
donor states, and conduct in the conduction band. The activation energy (see the main text) EA =
EC – ED. In (b) electrons occupy localized states, and conduct via unccupied states near EF.

There are several different types of hopping transport mechanisms. The most common
mechanisms are nearest neighbor hopping (NNH) and variable range hopping (VRH).[75]
In a disordered semiconductor with both localized and delocalized electronic states, an
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energy level called the mobility edge (Eµ)[75] separates the localized states from the
delocalized states. When the Fermi level (EF) is below Eµ, all electrons at EF occupy
localized states, and cannot conduct through drift displacements as they do in delocalized
states. Instead these electrons have to tunnel or “hop” from one localized state to another
to achieve electronic conduction (see Figure 1.18(b) for illustration). In NNH, the electrons
tunnel to the closest states and minimize the distance they have to tunnel. The ρ(T) in NNH
is also Arrhenius and is given by:[75]

𝐸𝑁
𝜌(𝑇) = 𝜌0 exp (
)
𝑘𝐵 𝑇

(1.3)

where ρ0 is the resistivity in the infinite temperature limit, similar to ρ0 in equation 1.2. EN
is the average energy difference between the two neighboring states, roughly on scale of 1
meV or lower. Because of electron-electron Coulomb interaction, the shorter the distance
between the two nearest neighbors, the larger the EN becomes. When EN becomes larger
than the activation energy EA in equation 1.2, diffusive transport with activated behavior
will be preferred rather than NNH. As a result, NNH typically emerges in semiconductors
with a relatively low dopant concentration, otherwise EN would be too large for NNH to
emerge. For instance, in B-doped Si, the dopant concentration has to be less than
approximately 5 × 1017 cm-3 for NNH to dominate over diffusive transport with activated
behavior.
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When the temperature is too low to even achieve activated transport or NNH, the
electrons are only capable of hopping to the states with similar energy levels even if they
are further than the nearest states. The hopping probability, P, depends on both the energy
difference, ΔE, and the hopping distance, L, following the Miller-Abrahams
relationship:[75]

𝑃 ∝ exp (−

∆𝐸
) × exp(−𝛼𝐿)
𝑘𝐵 𝑇

(1.4)

and

4 3
𝜋𝐿 𝐷(𝐸𝐹 )∆𝐸 = 1
3

(1.5)

where α is a constant. Based on this relationship, P can be maximized at certain L, which
is the most possible hopping distance. Such hopping transport is called VRH. In VRH only
the electrons close to Fermi level contribute to the electronic conduction. Furthermore,
these electrons only tunnel to the states with energy levels very close to the Fermi level.
As a result, the relevant density of states (DOS) here is constant, and equal to the DOS at
the Fermi level. This is the case of classic Mott VRH.[75] Figure 1.19(a) illustrates Mott
VRH, in which ΔE → 0. When electronic transport mechanism is Mott VRH, ρ(T) is given
by:[75]
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𝜌(𝑇) = 𝜌0 exp (

𝑇𝑀𝑜𝑡𝑡 1/1+𝑑
)
𝑇

(1.6)

where d is the dimensionality of the system, such as d being 3 for a three-dimensional
system. The characteristic temperature, TMott, can be expressed as:[75]

𝑇𝑀𝑜𝑡𝑡 =

18
𝑘𝐵 𝐿3𝐶 𝐷(𝐸𝐹 )

(1.7)

where LC is the localization length, i.e., the length scale across which the exponential
wavefunctions for the localized states decays, and D(EF) is the DOS at the Fermi level.
In VRH, especially at very low temperatures (T << TMott), Coulomb interactions
between electrons can introduce a soft gap in the DOS at the Fermi level because of the
strong electron-electron repulsion. Such a soft gap leads to Efros-Shklovskii (ES) VRH.
Figure 1.19(b) illustrates the ES VRH. Near EF (ΔE → 0), there is a 2δ-wide Coulomb gap
(δ = ΔE).[75] This gap is parabolic because Coulomb law governs the electron-electron
interaction. When electronic transport mechanism is ES VRH, ρ(T) is given by:[75]

𝜌(𝑇) = 𝜌0 exp (

𝑇𝐸𝑆 1/2
)
𝑇

(1.8)

where the characteristic temperature, TES, is:
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𝑇𝐸𝑆 =

2.8𝑒 2
𝜅𝑘𝐵 𝐿𝐶

(1.9)

In the above equation e is the electron charge, κ is the materials dielectric constant, and LC
is the localization length.

Figure 1.19 The energy diagrams illustrating (a) Mott variable range hopping and (b) EfrosShklovskii variable range hopping.[75]

An identical T dependence also arises for thermally-assisted tunneling between
nanoscopic conductive clusters embedded in a more insulating matrix (often referred to as
Inter-Granular Hopping (IGH), see Figure 1.20).[79–83] In IGH these clusters are
sufficiently small (nanoscopic), the coulombic energy penalty associated with charging a
cluster with a single hopping electron (e2/4d, where e is the electronic charge,  is the
dielectric constant, and d is the cluster diameter) becomes significant, resulting in “granular
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metallic conduction”. Early modeling of this situation by Abeles, Sheng, and
coworkers[79,80] ascribed the conduction to hopping between conductive clusters, which
they argued results in  = 0 exp (T0/T)1/2. Their derivation, however, relied on a specific
assumption regarding the ratio of d to the inter-cluster separation.[79,80] This assumption
was later criticized by a number of authors, on both experimental and theoretical
grounds.[81–83] Zhang and Shklovskii thus advanced an alternative picture where doping
in the insulating matrix leads to random charging of the conductive clusters, and finite
density-of-states at the Fermi level.[82] This density-of-states is soft- rather than hardgapped, recovering Efros-Shklovskii  = 0 exp (T0/T)1/2 behavior.[82] Therefore, the IGH
can be seen as a special type of ES VRH. Unlike the conventional ES VRH in a singlephase semiconductor, the IGH is an ES VRH existing in a mixed-phase semiconductor,
caused by conductive impurity phases.

Figure 1.20 A sketched diagram illustrating intergranular hopping transport. e- is an electron. d
represents the dimension of a conductive cluster.
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Such a hopping transport can significantly diminish the charge mobility and potentially
deteriorate the FeS2-based PV performance. Since nanoscale impurity phases could
significantly affect the transport but are extremely difficult to detect, reliable techniques
for detecting trace amount of secondary phases are critical for avoiding the hopping
transport in FeS2.

1.2.3 Exploring the electronic transport and doping mechanisms in FeS2
thin films
Based on the above, understanding the electronic transport and doping mechanisms is
the key to develop thin film solar cells based on FeS2. Such an understanding would not
only help to develop the potential approaches for controlling the doping in FeS2, leading to
the p-n homojunction solar cells without surface effects, but also advance our knowledge
of the bulk and surface defects, instructive for improving the open-circuit voltage in
heterojunction solar cells based on FeS2. Therefore, in this work, we will focus on studying
the transport and doping mechanisms in FeS2 thin films. In Chapter 2, I will explain our
synthesis approach for FeS2 thin films, the growth methods for FeS2 single crystals and
various characterization techniques used for all FeS2 films and single crystals. In Chapter
3, I will describe our discoveries on the transport mechanisms in FeS2 thin films and the
crossover between different transport mechanisms. In Chapter 4, I will introduce our work
on the reduction of FeS2 thin films and show how this affects film stoichiometry, phase
composition, transport and doping. In Chapter 5, I will provide a potential resolution to the
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“doping puzzle”. Finally, in Chapter 6, I will discuss the possible unintentional dopants in
FeS2.
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Chapter 2: Experimental approaches
2.1

Thin film synthesis

The deposition technique utilized in this work for synthesizing pyrite FeS2 thin films
was the method of ex situ sulfidation, which was essentially a two-step approach. In the
first step, an Fe film was deposited on the substrate via a thin film deposition technique
appropriate for metals. Two types of metal deposition techniques were used in this work:
D.C. magnetron sputtering, which will be discussed in the Section 2.1.1, and electron-beam
evaporation, which will be explained in Section 2.1.2. In the second step, the Fe film was
sulfidized in sulfur vapor to form pyrite FeS2. For most of the initial studies on the effect
of sulfidation temperature on film properties, crystalline sapphire (Al2O3(0001)) substrates
were used. Later, after sulfidation conditions appropriate for synthesizing FeS2 thin films
had been found, various types of other substrates were also used, including soda lime glass,
pyrex glass, crystalline quartz (SiO2), fuzed quartz (SiO2), amorphous Si-N and crystalline
MgF2. The details about the sulfidation process will be described in Section 2.1.3. In
Section 2.1.4, post annealing treatments used on as-synthesized FeS2 thin films will be
described.

2.1.1 D.C. magnetron sputtering of Fe thin films
D.C. magnetron sputtering is a very common approach for deposition of metal thin
films. The working principle of sputtering is illustrated in Figure 2.1(a). The sputtering
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Figure 2.1 (a) The sketched diagrams for a D.C. sputtering system. (b) The magnetron sputtering
with ring magnets beneath the target.

chamber is initially under high vacuum (below 10-7 Torr). During sputtering, an inert gas,
typically Ar, is supplied into the chamber. Gas pressure (1-100 mTorr) during sputtering is
maintained by throttling the chamber exhaust. This pressure range results in the mean free
path of the atoms and molecules in the chamber to be on the order hundreds of µm’s. Next,
a plasma is generated by applying a high potential (> 100 V) to the target to ionize the Ar
gas, introducing Ar ions and electrons with high kinetic energies (1 - 20 eV). These highenergy electrons collide with Ar atoms so that the plasma can be sustained by further Ar
ionization. The target in the sputtering chamber develops a negative bias that attracts and
accelerates Ar ions with positive charge toward the target. Ions striking the target eject
atoms out of the target. The atoms ejected from the target, travel towards and eventually
deposit on the substrate. The substrate temperature affects the structure and morphology of
the film through its effects on the surface mobilities of the atoms. To increase plasma
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density and deposition rate, ring magnets are located underneath the target (as shown in
Figure 2.1(b)), and thus the electrons can be concentrated right at the top of the target. This
achieves magnetron sputtering with significantly increased plasma density.

Figure 2.2 (a) The Kurt J. Lesker CMS-18 series magnetron sputtering system; (b) A picture taken
through the sight glass of the sputtering chamber to show the plasma during a sputtering process.

Figure 2.2(a) shows the Kurt J. Lesker CMS-18 series magnetron sputtering system in
our laboratory. A picture that was taken through the viewport of the sputtering chamber
during the sputtering process is shown in Figure 2.2(b). In the process of Fe sputtering, a
33 nm thick Fe film (from grazing incidence X-ray reflectivity, see Section 2.3.1.3) was
deposited on a chemically cleaned substrate via D.C. magnetron sputtering from an Fe
target (Kurt J. Lesker, 99.9 % or 99.99% purity). The primary impurities in the Fe target
are O, Si, C, transition metals (Ni, Co, Cr, Cu), Ge, P and Al. During the Fe sputtering, the
Ar pressure was 2.3 mTorr and the substrate temperature was kept either at room
temperature or 300 C, resulting in a deposition rate of around 1 Å/s. When Al2O3 (0001)
was used as the substrate, an out-of-plane epitaxial relationship with Fe(011) / Al2O3(0001)
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was observed for the Fe deposition, based on 2D X-ray diffraction (see Section 2.3.1.2).
On the other hand, Fe depositions on all other substrates produced polycrystalline Fe thin
films. The as-deposited Fe film was kept in the high-vacuum chamber before proceeding
to the sulfidation process.

2.1.2 Electron beam evaporation of Fe thin films
Another technique utilized for Fe deposition was electron beam (e-beam) evaporation.
Figure 2.3(a) illustrates its working principle. In a chamber with ultrahigh vacuum (10-910-10 Torr), the e-beam generated by a hot cathode is accelerated and directed by electric
and magnetic fields toward the material ingot contained in a crucible. This high energy ebeam melts the ingot surface, causing the ingot material atoms to be emitted towards the
substrate. There are several differences between the e-beam evaporation and sputtering
techniques. For instance, compared with evaporation, sputtering is capable of achieving
better step coverage. However, the growth pressure is much lower in e-beam evaporation
compared with sputtering, and thus the mean free path of the material atoms are
significantly larger, even larger than the dimensions of an e-beam evaporation chamber. In
addition, the kinetic energies of the emitted atoms in e-beam evaporation are much lower
compared with sputtering so that there is less damage to the film / substrate interface by
atom bombardment of the substrate surface. Note that such a weak collision sometimes
may cause poor film adhesion to the substrate and may lead to delamination, especially
after post-deposition processes, such as sulfidation.
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Figure 2.3 (a) A sketched diagram for an e-beam evaporation system. (b) The electron beam
evaporation system in our laboratory.

Figure 2.3(b) shows the e-beam evaporation system in our lab. During the Fe deposition
with e-beam evaporation, a 33 nm-thick Fe film was deposited on a chemically cleaned
substrate by evaporating an Fe ingot that was formed by melting Fe pellets (K. J. Lesker,
99.95% or 99.99% purity) inside a crucible. An Fe ingot generated by melting Fe pieces
cut from an Fe sputtering target with 99.9% purity was also used. This additional Fe ingot
was for conductivity control experiments to compare the e-beam evaporation and
sputtering techniques while keeping the Fe source purity constant. Before starting the ebeam evaporation process, the system was pumped down to its base pressure, which was
below 10-8 Torr. As the e-beam melted the Fe ingot, the growth pressure increased to 2-3
50

× 10-8 Torr. The deposition rate was kept at 0.5 Å/s, and the film thickness was calibrated
by ex situ grazing incidence X-ray reflectivity (see Section 2.3.1.3) and monitored
internally with a quartz crystal monitor. Similar to Fe deposition via D.C. magnetron
sputtering, when Al2O3 (0001) was used as the substrate, an out-of-plane epitaxial
relationship with Fe(011) / Al2O3(0001) was observed using 2D X-ray diffraction (see
Section 2.3.1.2). Again, Fe depositions on all other substrates produced polycrystalline Fe
thin films. The as-deposited Fe film was kept in the ultrahigh-vacuum chamber before
proceeding to the sulfidation process.

2.1.3 Ex situ sulfidation of Fe thin films
Following deposition, the deposited Fe film on the substrate was reacted with sulfur to
synthesize pyrite FeS2. The sulfidation process is shown schematically in Figure 2.4(a).
The as-deposited Fe film was placed in an evacuated (to 10-6 Torr) and sealed quartz tube
(8 cm3, as shown in Figure 2.4(b)) with 1.0 ± 0.1 mg of sulfur (CERAC, 99.999% purity).
Next, this tube was loaded into a ceramic holder (as shown in Figure 2.4(c)), which was
then placed in a programmable furnace. The furnace was heated to the desired temperature
and the Fe film was sulfidized at that temperature (referred to as the sulfidation
temperature, TS). The sulfidation time-temperature trajectory comprised initial heating to
TS at 6.5 C/min, followed by isothermal sulfidation at TS for 8 h, then cooling at the natural
cooling rate of the furnace. During a typical cooling period, the temperature decreases to
50 % of TS within 4 h. The tube was positioned in the hottest location within the furnace to
prevent sulfur condensation on the film surface during cooling. In this study, the
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temperatures, TS, ranged from 100 to 800 C. As shown in Figure 2.5, with 1.0 ± 0.1 mg
of sulfur, solid or liquid coexisted with vapor for TS < 250 C and the pressure in the tube
is the sulfur vapor pressure.[84] When TS exceeded 250 C all the sulfur was vaporized and
the pressure in the tube approximately followed the ideal gas law. Using the published
temperature dependence of sulfur speciation (i.e., relative concentrations of Sx with 1  x
 8) in the vapor phase,[84] we estimated that the tube pressure ranged from 20 Torr at TS
= 250 C to 45 Torr at TS = 700 C. The film was then taken out by carefully opening the
sealed tube without scratching the film surface for post annealing (see the following section)
and characterization.

Figure 2.4 (a) The sketched diagram illustrating ex situ sulfidation of Fe films at different
temperatures (TS) for 8 hrs, with the S vapor pressure ranging 2 – 50 Torr; (b) the picture for the
sealed quartz ampoule with a Fe film and 1 mg S inside; (c) the ampoule hold by a ceramic holder
inside a furnace for the sulfidation at different temperatures
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Figure 2.5 The sulfur vapor pressure (P), produced by 1.0 ±0.1 of sulfur in a sealed ampoule with
8 cm3 volume, as a function of temperature (T). Solid or liquid coexisted with vapor for T < 250 C
and the pressure in the tube is the sulfur equilibrium vapor pressure.[84] When T exceeded 250 C
all the sulfur was vaporized and the pressure in the ampoule approximately followed the ideal gas
law.

2.1.4 Vacuum and sulfur annealing of FeS2 thin films
As illustrated in the previous section, polycrystalline FeS2 films were fabricated by ex
situ sulfidation. The films sulfidized at TS = 200 – 600 C reveal nominally phase pure and
stoichiometric materials, although it will be shown that films sulfidized at TS < 550 C had
nanoscale Fe clusters because of incomplete sulfidation. As a result, multiple FeS2 films
sulfidized at TS = 600 C were selected for post annealing experiments. As-made FeS2 films
were fractured into multiple pieces (approximately 4 × 4 mm2) for wide-angle X-ray
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diffraction, scanning electron microscopy, energy dispersive spectroscopy, Raman
spectroscopy, electronic transport, and magnetometry (see the following sections for more
detail). Vacuum annealing of these films was performed at a single temperature (TA),
between 250 and 550 °C, for 1 hr, in a chamber with a base pressure 1 × 10-6 Torr. The
scheme of the vacuum annealing is shown in Figure 2.6.

Figure 2.6 The sketched diagram illustrating the vacuum annealing of FeS2 thin films at different
temperature (TA) for 1 hr, after the 600 °C sulfidation process.

In addition to vacuum annealing to reduce the as-synthesized FeS2 thin films, sulfur
incorporation was also attempted by post anneal of the FeS2 thin films in sulfur atmosphere
at 600 C for different times, with various sulfur vapor pressure in sealed quartz ampoules.
The process of post sulfur anneal is similar to the ex situ sulfidaiton process described in
Section 2.1.3.

2.2

Single crystal growth

Single crystals of FeS2 were grown via a chemical vapor transport (CVT)
method.[25,85] Figure 2.7(a) shows a sketched diagram for this method and the governing
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chemical reaction. Essentially, CVT utilizes a reversible chemical reaction for single
crystal growth. Briefly, the crystals are grown in a sealed environment with two zones at
different temperature. FeS2 and S powders are utilized as the source materials, and FeBr2
is used for the transport reagent. Both of these starting reagents are located in the “source
zone” with higher temperature (Thot), and the single crystals are grown in the “growth zone”
with lower temperature (Tcold). Both Thot and Tcold are below the decomposition temperature
of FeS2 (see Figure 1.9, Fe-S phase diagram). The S powder and FeBr2 are vaporized in
the “source zone” and then diffuse to the “growth zone” because of the concentration
differences. In the “growth zone”, Tcold is selected so that the chemical reaction happening
in this zone is:

3𝐹𝑒𝐵𝑟2 (𝑔) + 𝑆2 (𝑔) → 𝐹𝑒𝑆2 (𝑠) + 2𝐹𝑒𝐵𝑟3 (𝑔)

(2.1)

The reaction occuring in the “growth zone” generates FeBr3 vapor, which then diffuses
back to the “source zone”, again due to concentration differences. In the “source zone”,
Thot is selected so that the chemical reaction happening in this zone is reversed as:

𝐹𝑒𝑆2 (𝑠) + 2𝐹𝑒𝐵𝑟3 (𝑔) → 𝑆2 (𝑔) + 3𝐹𝑒𝐵𝑟2 (𝑔)

(2.2)
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In the following the generated S2 and FeBr2 vapor can diffuse to the “growth zone” and
continue the cycle.

Figure 2.7 (a) A sketched diagram illustrating the single crystal FeS2 growth with chemical vapor
transport approach. The governing chemical reaction is also shown. (b) The image showing the
FeS2 single crystals after a growth.

As for FeS2 single crystal growth in this work, 2.2 g of FeS2 powder (Alfa Aesar, 99.9
% purity), 100 mg of FeBr2 powder (Sigma-Aldrich, 99.999 % purity), and 580 mg of S
powder (CERAC, 99.999 % purity) were loaded into an evacuated (10-6 Torr) and sealed
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quartz ampoule (52 cm3) in a two-zone tube furnace. The source materials were loaded into
the “source zone”, crystals nucleating in the “growth zone”. The temperatures of the source
and growth zones were first (for the initial 72 hours) set at 700 and 730 °C, respectively,
i.e. with the growth zone hotter than the source zone. This is an approach frequently used
in CVT,[85] designed to establish an equilibrium vapor state, and to help “clean” the
growth zone of excess potential nucleation sites. CVT growth was then initiated by
reversing the temperature gradient, setting the source and growth zones to 670 and 590 °C,
respectively. This was maintained for 3 weeks typically, resulting in pyrite single crystals
with up to 5 mm wide facets, as shown in Figure 2.7(b).
Phase purity of the as-grown FeS2 crystals was established with X-ray powder
diffraction (see Section 2.3.1.1) and Raman spectroscopy (see Section 2.3.3). Chemical
composition was confirmed using EDS (see Section 2.3.2.2), while single crystallinity was
confirmed by X-ray diffraction with a 2D area detector (see Section 2.3.1.2).

2.3

Structural and chemical characterization

The synthesized FeS2 films and single crystals were characterized by various
techniques for studying their structural and chemical properties. The techniques include
various X-ray techniques (Section 2.3.1), electron microscopy and spectroscopy (Section
2.3.2), Raman spectroscopy (Section 2.3.3) and time-of-flight secondary ion mass
spectroscopy (Section 2.3.4).

2.3.1 X-ray techniques
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X-rays are a form of electromagnetic wave with a wavelength around 0.1 – 100 Å,
which approximates the interatomic or intermolecular spacing in solids. Therefore, X-rays
have been widely utilized for interacting with atoms or molecules in materials to study the
material structures and properties. The X-ray techniques utilized for studying the pyrite
FeS2 thin films and single crystals in this work include X-ray powder diffraction (Section
2.3.1.1), two-dimensional X-ray diffraction (Section 2.3.1.2), grazing incidence X-ray
reflectivity (Section 2.3.1.3) and X-ray photoelectron spectroscopy (Section 2.3.1.4).

2.3.1.1 X-ray powder diffraction
X-ray diffraction utilizes the elastic scattering of X-ray radiation from periodic atoms
in a crystal to generate a diffraction pattern. A simple diffraction process can be illustrated
in Figure 2.8(a), where an incident X-ray beam is diffracted by a set of planes in a crystal.
The position of the diffracted beam, described by θ, can be calculated by the famous
Bragg’s Law:

2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛𝜃 = 𝜆

(2.3)

in which dhkl is the interplanar spacing of the (hkl) planes in a crystal, and λ is the X-ray
wavelength. Based on Bragg’s Law, incident X-rays upon a crystal will generate various
diffraction peaks from different sets of planes at different angles θ, which can be recorded
as the wide-angle diffraction pattern. From each diffraction peak, the interplanar spacing
dhkl can be calculated so that the crystal structure and lattice parameter can be further
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extracted. Furthermore, depending on whether it is a single crystal, a polycrystal or powder
sample, the X-ray diffraction patterns formed by the diffracted beams in the threedimensional real space are dramatically different. As shown in Figure 2.10 (a) the
diffracted beams from a single crystal are along certain directions, while in Figure 2.10 (b)
the diffracted beams from a polycrystal or powder sample form rings because of their
random crystalline orientation. Although Bragg’s Law provides the conditions under which
X-ray diffraction happens, it does not reveal any information about the diffraction intensity,
which, on the other hand, depends on several factors, such as the diffraction angle, the
atomic scattering factor (the diffracting ability of an atom), the structure factor (the
structure of atoms in a crystal), temperature and other factors.
X-ray powder diffraction is one of the simplest X-ray diffraction techniques, and is
commonly applied for identifying the crystal structure and phase composition of bulk
materials. Figure 2.8(b) shows a sketched diagram of a X-ray powder diffraction system,
in which the X-ray source, sample and the detector locate within the same plane. The
detector in a powder diffraction system is a point detector so that during a scan the 2θ and
ω are coupled to make sure the specular diffraction beam can be detected when θ follows
Bragg’s Law. Such a point detector provides decent signal-to-noise ratio for the
measurements of materials with relatively high amount, such as bulk single crystals.
Therefore, in this study, X-ray powder diffraction was utilized to confirm the phase purity
of synthetic single crystals. The X-ray powder diffraction system operated here is a BrukerAXS D5005 Diffractometer with 2.2 kW sealed Cu source (λ = 1.54 Å). Figure 2.9 shows
a representative X-ray diffraction pattern of a ground FeS2 single crystal. The results reveal
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good agreement between the data and standard pattern, and the expected and measured
lattice parameter.

Figure 2.8 (a) The elastic scattering of X-ray by atoms; (b) a sketched diagram of a X-ray powder
diffraction system.
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Figure 2.9 A representative wide-angle powder X-ray diffraction pattern of ground FeS2 single
crystal.

2.3.1.2 Two-dimensional X-ray diffraction
Two-dimensional (2D) X-ray diffraction is broadly applied for studying polycrystalline
thin films. The most outstanding difference between a powder diffraction system and a 2D
diffraction system is the type of detector. Instead of a point detector, a 2D detector can is
used in the 2D diffraction system. Such a 2D detector allows for longer dwell times at each
diffraction angleand significantly increases the signal-to-noise ratio when measuring
materials with limited quantity. This is because both specular and non-specular diffracted
X-ray intensities, in a wide range of 2 values, are collected simultaneously. As a result,
the 2D diffraction system is ideally suited for small sample volumes such as thin films.
Furthermore, as briefly introduced in the last section, the diffraction patterns for a single
crystal (Figure 2.10(a)) and a polycrystal (Figure 2.10(b)) are different, which can be
vividly revealed by the patterns on a 2D detector, such as the WAXRD from single
crystalline Al2O3 in Figure 2.10(c) and polycrystalline FeS2 in Figure 2.10(d).
In our study, 2D diffraction was utilized for studying FeS2 thin films. Wide angle Xray diffraction (XRD) from FeS2 films was collected using a Bruker-AXS
Microdiffractometer equipped with a Cu source, a graphite monochromator (Kα passthrough filter), a 0.8 mm incident beam point collimator, and a 2D Hi-Star area detector.
The FeS2 films synthesized on Al2O3(0006) substrate were adopted with the following
XRD data collection protocol for quantitative comparison of diffraction intensities from
films sulfidized at different temperatures. First, the substrate coated with the film was
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Figure 2.10 (a,b) The patterns of X-ray diffraction from (a) a single crystalline sample and (b) a
polycrystalline sample.[86] (c,d) WAXRD two dimensional detector images for a 33 nm thick Fe
film sulfidized at 600 oC. (c) An image acquired using a short exposure time (1 min) and including
the Al2O3(0006) diffraction from the substrate. (d) An image acquired using a longer exposure time
(30 min) after blocking the Al2O3(0006) diffraction from the substrate with a beam stop. In (d) the
Debye rings are labeled with the pyrite FeS2 (hkl).

aligned to maximize the Al2O3(0006) diffraction peak intensity. Following this,
consecutive XRD patterns were acquired for 1 and 30 minutes, respectively. During the
30-minute-long acquisition, a beam stop was used to block the Al2O3(0006) diffraction
peak. Figure 2.10(c) and Figure 2.10(d) display example area-detector images from the
first (1 minute long) and second (30 minute long) XRD acquisitions, respectively, for a
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film sulfidized at 600 C. Two-dimensional XRD data such as those shown in Figure 2.10(c)
and Figure 2.10(d) were integrated and converted to one-dimensional intensity vs. 2θ plots.
For quantitative comparison, the second (thirty minute acquisition) XRD pattern was
normalized by the film thickness and the Al2O3(0006) diffraction peak intensity recorded
during the first scan (1 minute acquisition). The Al2O3 substrate reflection was used as a
standard for more accurate determination of the FeS2 lattice parameter. The FeS2 films
synthesized on other substrates were also studied via 2D diffraction to check crystal
structure and phase composition.

2.3.1.3 Grazing incidence X-ray reflectivity
Another application of X-ray in this study is measuring the thin film thickness via
grazing incidence X-ray reflectivity (GIXR). As the name of this technique implies, when
considering a very small angle θ (< 10 °), based on Bragg’s Law (equation (2.3)) the length
dhkl can be up to 100 nm so that such a length scale can be applied for revealing the thin
film thickness rather than interplanar spacing. Figure 2.11(a) shows a sketched diagram for
the technique of GIXR. As shown in this figure, the beams reflected by the film surface
(beam 1) and the film / substrate interface (beam 2) can have constructive and destructive
interferences so that alternate peaks and fringes will appear in the reflected X-ray pattern.
This technique resembles measuring film thickness with optical reflectivity, but unlike the
visible light, the refractive index of X-ray in a solid material is less than 1, causing the total
reflectance of X-rays at the film surface under a critical X-ray incident angle, θC. When the
incident angle θ exceeds θC, the reflected X-ray intensity falls off following a θ-4 power
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law, adding a background on the fringes from X-ray reflectivity. Figure 2.11(b) illustrates
the fringes and background by showing a representative pattern from a 33 nm-thick Fe film
on the Al2O3 substrate. Based on Bragg’s Law and Snell’s Law, the Kiessig formula
relating the thickness of a thin film to the positions of the fringe intensity maxima can be
derived as

𝑠𝑖𝑛2 𝜃𝑁 =

𝜆2 2
𝑁 + 𝑠𝑖𝑛2 𝜃𝑐
2
4𝑡

(2.4)

where θN are the fringe maxima positions, N are consecutive integers and t is the film
thickness.

Figure 2.11 (a) The sketched diagram for measuring grazing incident X-ray reflectivity; (b) The
X-ray reflectivity data for a 33 nm Fe film on Al2O3 substrate
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The GIXR measurements were conducted on the PANalytical X’pert Pro highresolution X-ray diffractometer with a Cu X-ray source. The film thickness can be
extracted based on all the θN from the GIXR results and equation (2.4). Although the
consecutive N set for all the θN are unknown, the right N set can be found by testing
different N sets for a best fit of equation (2.4). Note the sin2θC has to be kept positive for
the right N set. After the right N set are discovered, the film thickness can be extracted on
based on the slope from equation (2.4). In addition, a X-ray refinement can also be applied
on the GIXR results to extract both t and θC. GIXR was applied to measure Fe film
thickness. The thickness of FeS2 films could not be measured by GIXR because of high
film roughness. Instead, the tilt view of scanning electron microscopy (see Section 2.3.2.1
for more detail) was applied to measure FeS2 film thickness. The expansion factor can then
be calculated from the ratio of the FeS2 film thickness to the Fe film thickness.

2.3.1.4 X-ray photoelectron spectroscopy
Previous X-ray techniques all utilize the elastic scattering of X-ray. X-ray
photoelectron spectroscopy (XPS), on the other hand, is based on inelastic interactions
between X-rays and materials. In XPS the core shell electrons in an atom are knocked out
by the excitation of high-energy incident X-rays. Such an inelastic process is illustrated in
Figure 2.12(a), and the emitted electrons are the photoelectrons. The kinetic energies and
intensities of photoelectrons are detected. Then the electron-atom binding energy, Ebinding,
can be calculated based on:
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𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + 𝜙)

(2.5)

where Ephoton is the photon energy of X-ray, Ekinetic is the kinetic energy of the
photoelectron and Φ is the material’s work function, which can be measured from a
reference. Usually the escape depth for photoelectrons is very short (< 10 nm), thus only
electrons from the first few atomic layers can be measured in XPS. As a result, XPS is a
surface analysis technique for measuring chemical and electronic states of surface atoms.
To reduce the scattering of photoelectrons for increasing signal intensity, and to maintain
surface cleanliness, an environment with ultrahigh vacuum (below 10-9 Torr) is mandatory
in XPS.

Figure 2.12 (a) The sketched diagram for illustrating the process of photoelectron generation in
XPS; (b) A X-ray photoemission spectrum from the S 2p core level on the surface of an FeS2(001)
single crystal.
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Core level XPS was done on several FeS2 single crystals in a PHI Versa Probe II system
with a monochromatic Al Kα anode X-ray source (hν = 1486.6 eV) and a hemispherical
analyzer. Figure 2.12(b) shows a XPS spectrum from the S 2p core level on the surface of
an FeS2(001) single crystal. Measurements were carried out at different temperatures, up
to 600 °C, in ultra-high vacuum (UHV, around 8 ×10-10 Torr) for comparison with vacuum
annealing experiments of FeS2 thin films. Standard Ar ion sputter/anneal procedures[29]
were avoided. All spectra were recorded using the PHI software package SmartSoft –XPS
v2.0 and processed using PHI MultiPack v9.0 and/or CASA XPS v.2.3.14. Since the local
atomic environments of S in Fe1-S and FeS2- are different, causing different binding
energies, the S 2p peaks have shifts which can help to distinguish between Fe1-S and FeS2.

The positions of the S 2p3/2 and 2p1/2 peaks for Fe1-S and FeS2- were identified based

on prior literature;[28,29,87] the 2p3/2 and 2p1/2 states have an energy spacing of about 1.1
eV, and an intensity ratio of 2.[87] Peaks were fitted using GL line shapes (a widely used
hybrid of Gaussian and Lorentzian[88]), with Shirley background subtraction.[89,90] Up
to 50 scans were accumulated and averaged to improve the signal-to-noise ratio for each
spectrum. The samples were also examined at 5-6 locations, establishing reproducibility.

2.3.2 Electron microscopy and spectroscopy
Like X-rays, electron beams can also be utilized for interacting with atoms to study
material properties. In the following sections, electron microscopy and spectroscopy,
where we are utilizing electron-material interaction for studying FeS2 thin films and single
crystals will be described. These techniques include: Scanning electron microscopy
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(Section 2.3.2.1), energy dispersive spectroscopy (Section 2.3.2.2) and Auger spectroscopy
(Section 2.3.2.3).

2.3.2.1 Scanning electron microscopy
When an electron beam is incident upon a material, a number of signals are generated
from the material, as shown in Figure 2.13(a). Among all the emitted signals, which can be
utilized in certain ways to reveal material properties, two of the most important signals for
achieving the scanning electron microscopy (SEM) are the backscattered electrons and
secondary electrons. The intensity of backscattered electrons (BSE) is strongly affected by
the atomic number Z, and thus the BSE image can reveal the phase composition in a
material. On the other hand, the secondary electrons (SE) are sensitive to the surface
morphology, so that the SE images (SEI) are good for illustrating the material’s surface
morphology. Both of them are widely applied for studying material surfaces and
composition.
The microstructure and chemical composition of the synthesized FeS2 films in this
study were examined using a JEOL field emission scanning electron microscope (SEM)
equipped with a Thermo-Noran Vantage energy dispersive spectrometer (EDS). Both plan
view and tilted view (85°tilted angle) SEM images were acquired using an accelerating
voltage of 15 kV. Figure 2.13(b) shows a representative SEI of the surface of a FeS2 thin
film.
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Figure 2.13 (a) The interactions of electrons with a material; (b) A secondary electron SEM image
of the surface of a 110nm-thick FeS2 thin film on Al2O3 substrate

2.3.2.2 Energy dispersive spectroscopy
The chemical stoichiometry of FeS2 thin films and single crystals was studied via
energy dispersive spectroscopy (EDS) equipped on SEM, as introduced in the previous
section. EDS analyzes the characteristic X-rays shown in Figure 2.13(a) to measure the
chemical stoichiometry of a material. The process generating characteristic X-ray is
illustrated in Figure 2.14(a). As shown in this figure, the incident electron kicks out a coreshell electron (here a K-shell electron is selected for example). Then, another electron from
an outer-shell, such as the M shell, relaxes to the lower energy state, releasing X-ray
radiation. This X-ray radiation is named as the K peak, specifically the Kβ peak, and reveals
a characteristic energy for determining the element in question. Such an energy, Ephoton, is
simply:
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𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = 𝐸𝐾 − 𝐸𝑀

(2.6)

where EK and EM are the energy levels for K and M shells. Figure 2.14(b) shows the EDS
spectrum from a representative FeS2 single crystal, with the individual peaks labeled. The
peak position is determined by the characteristic energy, or the specific element. The peak
intensity is determined by the elemental concentration and atomic weight, and is affected
by several other factors, such as the density, penetration depth, ionization cross-section and
fluorescence yield of the crystal. Based on the intensity of K peaks from S and Fe, S/Fe
ratio can be extracted from the spectrum, being 1.92  0.10 for this single crystal.

Figure 2.14 (a) The sketched diagram for illustrating the generation of characteristic X-rays for an
element; (b) The EDS spectrum from a representative FeS2 single crystal, with the individual peaks
labeled. The extracted S/Fe ratio is 1.92  0.10.

2.3.2.3 Auger electron spectroscopy
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Auger electron spectroscopy utilizes the Auger electrons (see Figure 2.13(a)) to analyze
the chemical composition on a material surface. Figure 2.15(a) shows the generation of an
Auger electron with an energy that can be expressed as:

𝐸𝐴𝑢𝑔𝑒𝑟 = 𝐸𝐾 − 𝐸𝐿1 − 𝐸𝐿2

(2.7)

in which EK, EL1 and EL2 are the energy levels for the K, L1 and L2 states. Similar to
photoelectrons, the escape depth for Auger electrons is quite short, so that the detected
Auger electrons only come from the material surface, making this technique a surface
analysis approach. In practice, Auger electron spectroscopy is normally applied for
measuring the chemical composition as a function of depth in a material via continuously
sputtering material away.

Figure 2.15 (a) The sketched diagram illustrating the generation of Auger electrons; (b) Elemental
composition (Fe, S, Al and O) as a function of depth (z) in a FeS2 film on an Al2O3 substrate,
measured by Auger electron spectroscopy. The film is approximately 110 nm-thick. The
Al2O3/FeS2 interface is labeled and defined as z = 0. The shaded areas indicate the interfacial region.
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In this study, a Physical Electronics model 545 Auger electron spectrometer (AES)
with a differentially-pumped Ar sputter source was used to map composition as a function
of depth (z). We define z = 0 as the FeS2/Al2O3 interface. The location of this interface was
determined from the onset of the charging effects that occur in the insulating Al2O3
substrate. Values of z were assigned assuming a constant sputtering rate, found to be 7.65
nm/min from the film thickness. In order to plot absolute atomic compositions, these AES
data have been calibrated against EDS. Figure 2.15(b) shows such a depth profile with
respect to Fe, S, Al and O for a representative FeS2 thin film on the Al2O3 substrate.

2.3.3 Raman spectroscopy
Raman spectroscopy is a type of vibrational spectroscopy based on light scattering. In
light scattering, the incident photon interacts with an electron and excites this electron to a
virtual state for about 10-14 seconds. Most of the excited electrons relax to their original
states by emitting photons with the same frequency as the incident beam. Such elastic light
scattering is named Rayleigh scattering. However, some electrons may relax to a different
state so that the emitted photons obtain a frequency shift. This inelastic light scattering is
Raman scattering. In addition, the frequency shift which is positive, as shown in Figure
2.16(a), is called the Anti-Stokes Shift, while the frequency shift which is negative, as
shown in Figure 2.16(b), is called the Stokes Shift.
Raman spectroscopy was applied to pyrite FeS2 thin films and single crystals for
detecting marcasite phases (previously introduced in Section 1.2.2.3) since Raman
spectroscopy has better resolution for detecting marcasite than X-ray diffraction. Raman
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Figure 2.16 (a) The illustrated process of Raman scattering; (b) The Raman spectrum of a FeS2
single crystal. The peaks around 343, 380, and 430 cm-1 are assigned to pyrite FeS2 based on prior
work.[23]
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scattering from FeS2 films and single crystals was collected in the backscattering geometry
using a WiTec alpha300R confocal microscope equipped with a UHTS 300 spectrometer
and a DV401 CCD detector. Figure 2.16(c) shows the Raman spectrum from a FeS2 single
crystal. Strong Raman scattering peaks at 343, 380 and 430 cm-1 indicate the presence of
the FeS2 pyrite phase,[23] while the lack of spectral peaks at 315 – 324 cm-1 and ≈ 385 cm1

indicate the absence of the marcasite phase.[23]

2.3.4 Time-of-flight secondary ion mass spectroscopy
Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) involves detecting the
secondary ions from a sputtering process for analyzing the chemical information from a
sample. The sputtering process is similar to the sputtering used for depositing thin films
(see Section 2.1.1). During this process, positively charged ions from ionizing an inert gas
are focused on the sample surface to generate secondary ions, which are then measured by
a mass spectrometer. Based on the measured ion mass, the elemental concentration in the
sample can be revealed. TOF-SIMS has high resolution for detecting trace quantities of
elements, as low as 10 ppm. Furthermore, the escape depth for ions is quite short, so that
TOF-SIMS is also a surface technique. During a measuring process, the sample is milled
away so that a depth profile can be measured.
Our TOF-SIMS depth profiling was conducted in a custom designed instrument, named
SARISA at Argonne National Lab. SARISA is equipped with an Atomika WF421 ion gun
with a Wien filter for the generation of Ar+ ions with single-beam mode. The ion gun is
pointed to the sample with a 60°angle from the sample surface normal. In order to conduct
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Figure 2.17 The TOF-SIMS data from a representative FeS2 thin film on Al2O3 substrate.

depth profiling, the generated Ar+ ions are deflected by two pairs of electrostatic deflectors
to conduct a dc-current raster scanning for sample milling, followed by a pulsing deflected
by a third pair of electrostatic deflectors for elemental analysis. The pulse duration was set
to the shortest duration on SARISA, which was 200 ns. Note that SARISA is designed to
operate with long primary ion pulses (≈ 1𝜇𝑠) so that 200 ns is long enough for a decent
mass resolution. The primary ion pulse was followed by delayed analysis of secondary ions
to improve the detection sensitivity of secondary ions such as S+ and O+. A 500 ×500 µm2
area was milled away from the sample. The secondary ions were collected from the center
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30 µm spot of the 500 × 500 µm2 crater for elemental analysis. Depth profiles were
measured on at least two locations for each sample to check reproducibility. Figure 2.17
shows a depth profile of the SIMS intensity for several elements from a FeS 2 thin film on
an Al2O3 substrate.

Figure 2.18 (a) A mass spectrum from around 55 nm from the surface of a 110 nm-thick FeS2 thin
film. (b) A zoom-in mass spectrum for background and error analysis of Co59. The blue window
labelled as “AP” indicates the integration window for the Co59 peak, which relates to the SIMS
intensity of Co59 at this depth. The green windows labelled as “ABL” and “ABR” indicate the leftand right-side integration window for the background level. The window width is identical with
each other.

Because the SIMS intensity from some elements, especially the elements with atomic
mass near Fe and S, are close to the background level of the Fe and S peaks, the depth
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profile of SIMS intensity was corrected assuming a constant background level before
converting to a depth profile of the impurity concentrations. Since the SIMS intensity
comes from the integration of the mass spectrum at each depth, the constant background
levels and intensity errors for each FeS2 thin film were calculated based on the mass
spectrum from the middle depth of the film. Figure 2.18(a) shows a mass spectrum from
around 55 nm from the surface of a 110 nm-thick FeS2 thin film. Here, I use the Co59 peak
as an example to explain the way to calculate the background and error of the Co 59 SIMS
intensity. Figure 2.18(b) shows a zoom-in mass spectrum for background and error analysis
of the Co59 peak. The blue window labelled as “AP” indicates the integration window for
the Co59 peak, which relates to the SIMS intensity of Co59 at this depth, noted as It. The
green windows labelled as “ABL” and “ABR” indicate the left- and right-side integration
window for the background level. The window widths are identical to each other. The
background level, noted as I0, can be calculated as:

𝐼0 = 𝐼𝑡 ×

(𝐴𝐵𝐿 + 𝐴𝐵𝑅 )⁄2
𝐴𝑃

(2.8)

Since the detector is a count detector, the error for the SIMS intensity can be derived and
the expression for calculating the error is:
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𝐼0
𝑒𝑟𝑟𝑜𝑟 = √𝑧(𝐼𝑡 + )
2

(2.9)

Corrected intensity (counts/ion pulse)

where z is the step size of the mass spectrum measurements.
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Figure 2.19 The corrected TOF-SIMS data after the background subtraction and error analysis
from a representative FeS2 thin film.

The corrected SIMS data can be converted to a depth profile of impurity concentrations
based on the Saha-Eggert method.[91,92] This method does not require any standards for
calibration, instead, it solely depends on the correlation between the secondary ion yield
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and the atomic ionization energy for the low-level impurities inside a host matrix with the
known stoichiometry for the matrix elements. The Saha-Eggert method was originally
developed for the SIMS analysis with O+ ions, but later was extended for the SIMS analysis
with Ar+ ions.[91] The Saha-Eggert method is based on the following two relationships:

𝑦𝑖 ∝ exp(−

𝐸𝑖 − 𝛿𝜀
)
𝑘𝐵 𝑇

𝐼𝑖 ∝ 𝑦𝑖 𝑥𝑖

(2.10)

(2.11)

where, yi is the secondary ion yield for a certain element i, Ei is the first ionization energy
(here only first-order ionization is considered), δε is an adjustable parameter accounting
for the work function and the lowering of energy barriers on the surface due to plasma
effects, Ii is the SIMS intensity and xi is the concentration of i. Based on equations (2.10)
and (2.11), a simple relationship among Ii, Ei and xi can be extracted as:

𝐼𝑖
𝐸𝑖
ln ( ) = −
+𝐶
𝑥𝑖
𝑘𝐵 𝑇

(2.12)

where C is a constant and Ii/xi is named as the weighted SIMS intensity. Based on the SahaEggert plot which plots the linear relationship of the known ln(Ii/xi) vs. Ei for the matrix
elements, the ln(Ii/xi) for all the impurities can be extracted based on their known Ei. Figure
2.20 shows the Saha-Eggert plot of impurity elements in the matrix of a FeS2 thin film.
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Figure 2.20 The Saha-Eggert plot of impurity elements in the matrix of an FeS2 thin film.
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Figure 2.21 The impurity concentration (N) vs. normalized depth (d/d0) for an FeS2 thin film on an
Al2O3 substrate

Based on the weighted SIMS intensity extracted, the corrected depth profile (see Figure
2.19) can finally be converted into a depth profile of the impurity concentrations, as shown
in Figure 2.21.

2.4

Electronic transport measurements

Electronic transport measurements are instructive for understanding the transport and
doping mechanisms in FeS2. In this section, I will discuss about some electronic transport
measurements that have been done on FeS2 thin films, including temperature-dependent
resistivity measurements (Section 2.4.1), magnetic field dependence of resistivity
measurements (the Hall effect and magnetoresistance measurements, Section 2.4.2) and
thermopower measurements (Section 2.4.3).

2.4.1 Temperature-dependent resistivity measurements
As briefly introduced in Section 1.2.2.3, measuring temperature-dependent resistivity,
ρ(T), can help to reveal the electronic transport mechanisms in a material. There are several
ways to measure a thin film resistivity, in which the van der Pauw method is applied in this
study. The advantages of the van der Pauw method is that the measurements do not require
a standard shape, but solely relate to the thin film thickness. As long as the thin film
thickness is shorter than the other dimensions, the van der Pauw method can precisely
measure the film resistivity. A good reference about this method can be found in [93]. The
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Figure 2.22 (a) The van der Pauw configuration for measuring the sample resistivity as a function
of temperature; (b) the f function (in equation (2.14)) vs. the ratio of two different resistance
configurations in van der Pauw method.

way van der Pauw works is that the sample is configured with a specific configuration, as
shown in Figure 2.22(a), where four ohmic contacts are made to the sample edge. Indium
is used for making ohmic contacts with FeS2 thin films in this study. The four contacts are
connected through conductors (Au wire in this study) to external probes for measuring the
current-voltage characteristic. By sourcing current (IAB) through AB and measuring the
voltage (VDC) through DC, a four-terminal resistance RAB/DC can be calculated as:

𝑅𝐴𝐵/𝐷𝐶 =

𝑉𝐷𝐶
𝐼𝐴𝐵

(2.13)

Similarly, the resistance RAD/BC from another configuration can be measured as well. Then
the sample resistivity (ρ) can be calculated as:
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𝜌=

𝜋𝑑 (𝑅𝐴𝐵/𝐷𝐶 + 𝑅𝐴𝐷/𝐵𝐶 ) 𝑅𝐴𝐵/𝐷𝐶
𝑓(
)
𝑙𝑛2
2
𝑅𝐴𝐷/𝐵𝐶

(2.14)

where d is the sample thickness, and f is a function relating to the ratio of the two measured
resistances (the sample resistance anisotropy). Figure 2.22(b) shows the value of the f
function.
Temperature- and field-dependent transport measurements (5 – 300 K) were made in a
Janis cryostat and/or a Quantum Design Physical Property Measurement System (PPMS),
both equipped with 90 kOe superconducting magnets. Here I use the PPMS to briefly
illustrate how such cryostats work. The Physical Property Measurement System (PPMS)
in our laboratory is the Evercool II version from the company Quantum Design. The PPMS
has a compressor to liquefy He gas to cool the system and superconducting magnet. Figure
2.23(a) is a sketched diagram showing the main structures of the PPMS, which can be
divided into three primary components: The cyrocooler, the liquid He dewar and the
sample probe, with each one possessing its unique functionality. The cryocooler is a closedcycle cooling system built by a cold head and a remote compressor, which is not shown on
Figure 2.23(a). With the assistance of the compressor, the two stages of the cold head can
be cooled down to 40 K and 4 K, respectively. The first stage at 40 K aims for cooling
down the system shield to reduce the heat load on the He dewar, while the second stage at
4 K is capable of liquefying He gas. Note although the He gas gets liquefied by the cold
head and transferred into the liquid He dewar, the internal space of the cold head and the
entire cyrocooler is completely isolated from the He dewar. Inside the liquid He dewar,
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there is a superconducting magnet immersed in the liquid He so that this magnet can
operate at high current for generating 9 T field to the PPMS sample probe. The sample
probe is isolated from the He dewar as well, while the probe temperature is controlled by
the annulus surrounding the probe. The annulus which connects to the He dewar possesses
a valve to control the flow of liquid He in the annulus for varying the cooling power from
the annulus to the probe. Meanwhile a heater also exists inside the sample probe for heating
up the sample. As a result, the sample temperature inside the PPMS can be controlled from
1.9 K to 400 K.

Figure 2.23 (a) The cross-section diagram of the Quantum Design Physical Property Measurement
System (PPMS); (b) the ρ(T) curve of a FeS2 thin film.

In this study, FeS2 thin films were loaded into the sample probe of a cryostat for
measuring the temperature or magnetic field dependence (this will be discussed in next
section) of resistivity under the van der Pauw method. As previously mentioned, the FeS2
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films were contacted with indium in a van der Pauw configuration, and current-voltage
characteristics were measured using both A.C. (at 13.7 Hz) and D.C. techniques, depending
on the absolute resistance value. When the resistance is above 1 MΩ, the contact impedance
is too large for A.C. mode due to large reactance (> 10% of the sample resistance) and long
delay time (> 10 second). On the other hand, when the resistance is below 1 Ω, A.C. mode
is more preferred because of its low noise level. During the resistance measurements,
extensive checks for Ohmicity, contact resistance, and self-heating were made. Figure
2.23(b) shows a representative ρ(T) curve of a FeS2 thin film.

2.4.2 Hall effect and magnetoresistance measurements
Magnetic field dependence of resistivity can further help to understand the electronic
transport mechanisms in a sample. As mentioned in the last section, up to 9 T magnetic
field can be applied on the FeS2 thin films for field-dependent study. In our study, we have
primarily measured the sample resistivity as a function of an out-of-plane magnetic field,
H, as shown in Figure 2.24(a). With such a configuration, the Hall effect can be measured
to generally determine the film carrier density and mobility, although this is not always
simple, as previously mentioned in Section 1.2.2.3. In Figure 2.24(a), the Hall effect can
be measured by sourcing current (IAC) through AC, and measuring voltage (VBD) through
BD. Then the Hall coefficient (RH) can be measured based on the formula:
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𝑅𝐻 =

𝑉𝐵𝐷 𝑡 𝜌𝑥𝑦
=
𝐼𝐴𝐶 𝐻
𝐻

(2.15)

where t is the film thickness, and ρxy is the Hall resistivity calculated based on the Hall
resistance and t. If the transport is proved to be diffusive transport, then the carrier type
and density can be determined based on RH (assuming one dominant carrier):

𝑝/𝑛 =

1
𝑒𝑅𝐻

(2.16)

where e is the electron charge, p is the hole density and n is the electron density. If the
majority carriers in the sample are holes, then the sign of RH is positive. Otherwise if the
majority carriers are electrons, then RH is negative. Based on the measured sample
resistivity and carrier density, the carrier Hall mobility can then be calculated. Figure
2.24(b) shows a representative Hall effect result from a FeS2 thin film, with the RH showing
an electron-like behavior. The magnetic field dependence of sample resistance, or the
magnetoresistance (MR), can also be used for further analyze the transport behavior, such
as distinguishing hopping from diffusive transport, thus MR was also measured in FeS2
thin films.
Hall measurements employed a measurement system optimized for low noise AC
measurements (using an AC resistance bridge) and high temperature stability. The latter is
particularly important for films such as these with high temperature coefficient of
resistance. On the other hand, MR was measured using both A.C. (at 13.7 Hz) and D.C.
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techniques, depending on the absolute resistance value. Extensive checks for Ohmicity,
contact resistance, and self-heating were made during measurements of the magnetic field
dependence of the resistivity in FeS2 thin films.

Figure 2.24 (a) The field dependence measurement with an out-of-plane magnetic field; (b) the
Hall effect measurement of a FeS2 thin film with the Hall coefficient, RH = -50 cm3C-1.

2.4.3 Thermopower measurements
Besides Hall effect, thermopower is another approach for determining the carrier type
in a semiconductor. This approach is based on the Seebeck effect: When a temperature
gradient (ΔT) is applied across a sample, a thermo-voltage (ΔV) can be generated across
the sample, from which the Seeback coefficient (S) can be extracted based on the formula:

𝑆=−

∆𝑉
∆𝑇

(2.17)
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The generation of such a thermo-voltage is caused by the energy difference of the carriers
on the hot and cold sides of a sample. Mott and Cutler derived an equation to describe the
Seebeck coefficient in an isotropic conductor with weak electron-electron interaction.[94]
This is called the Mott formula:

𝜎𝑆 = 𝑒𝑘𝐵 ∫

𝐸 − 𝐸𝐹 1 2 𝑑𝑓(𝐸)
( 𝜏𝑣 ) (
) 𝑁(𝐸)𝑑𝐸
𝑘𝐵 𝑇 3
𝑑𝐸

(2.18)

where σ is conductivity, e is the electron charge, τ is carrier scattering time, ν is carrier
velocity, E is carrier energy level, f(E) is the Fermi-Dirac distribution, N(E) is the density
of states, kB is the Boltzmann constant, EF is the Fermi level, and T is temperature. Note
that σ can be expressed as:

1
𝑑𝑓(𝐸)
𝜎 = −𝑒 2 ∫ ( 𝜏𝑣 2 ) (
) 𝑁(𝐸)𝑑𝐸
3
𝑑𝐸

(2.19)

Depending on the conductor type, equation (2.18) can be further simplified. When the
conductor is a nondegenerate semiconductor with an activated behavior, based on
equations (2.18) and (2.19), the Mott formula can be simplified as:

𝑆𝐶 = −

𝑘𝐵 𝐸𝐶 − 𝐸𝐹
(
+ 𝑎𝐶 )
𝑒
𝑘𝐵 𝑇

(2.20)

and
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𝑆𝑉 =

𝑘𝐵 𝐸𝐹 − 𝐸𝑉
(
+ 𝑎V )
𝑒
𝑘𝐵 𝑇

(2.21)

where SC (SV) is the Seebeck coefficient for a n-type (p-type) semiconductor, and EC (EV)
is the band edge of the conduction band (valence band). aC (aV) is a constant relating to the
shape of the conduction band (valence band), and is much smaller than the

𝐸𝐶 −𝐸𝐹
𝑘𝐵 𝑇

(

𝐸𝐹 −𝐸𝑉
𝑘𝐵 𝑇

)

term. It is clear that, in the case of nondegenerate semiconductor with activated behavior,
the sign of S indicates the carrier type, in which a positive sign indicates holes, while a
negative sign indicates electrons. However, this is not always the case. When the conductor
is a degenerate semiconductor or a metal, based on equations (2.18) and (2.19), the Mott
formula can be simplified as:
𝑆=−

𝜋 2 𝑘𝐵2 𝑇 𝑑𝑙𝑛𝑁(𝐸)
(
)(
)
3
𝑒
𝑑𝐸
𝐸=𝐸

(2.22)

𝐹

in this case, the sign of S solely depends on the first-order derivative of the density of states
at EF, not necessarily indicating the carrier type any more. Furthermore, when the
conductor is a semiconductor with hopping transport, S is approaching to zero,[95,96]
which no longer indicates the carrier type, either. Therefore, similar to the Hall effect,
caution has to be applied when one interprets the thermopower results. This will be
discussed in full in Chapter 5.
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Figure 2.25 (a) Sketch of the configuration for a thermopower measurement. (b) The thermopower
measurement of a FeS2 thin film with the Seebeck coefficient, S = -20 µVK-1.

Measurements of the Seebeck coefficient of FeS2 thin films and single crystals were
performed in a thermopower measurement system (Figure 2.25(a)) inside a vacuum
chamber. A FeS2 sample with coplanar 4mm gap electrodes was placed across two copper
blocks, which were separated by 4mm as well. The temperature of each block was
controlled independently via a dual-channel temperature controller connected to a PC. On
each block a thermocouple sensor (𝑇1 , 𝑇2 ) was attached, in order to read the temperature of
the block. When the computer imposed different temperatures for the blocks, an induced
thermoelectric voltage was generated, which could be measured through the potential
difference across two copper leads attached to the electrodes. In our measurements, the
average temperature 𝑇𝑎𝑣𝑔 = (𝑇1 + 𝑇2 )/2 was maintained at 315 K, while the temperature
gradient ∆𝑇 = 𝑇1 − 𝑇2 was varied from ± 8 K down to 0 K. Then the Seebeck coefficient
was obtained from the slope of the measured thermoelectric voltage ( ∆𝑉 = 𝑉1 − 𝑉2 )
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against the temperature gradient ΔT.[97] Figure 2.25(b) shows an example of the
thermopower measurement result from a FeS2 thin film.

2.5

Magnetometry measurements

Magnetometry measurements on FeS2 thin films were conducted in a superconducting
quantum interference device (SQUID) magnetometer. SQUIDs utilize the magnetic flux
quantization through a superconducting loop with a Josephson junction[98] to measure the
magnetic moment in a material. The Josephson junction is built by two superconductors
separated by a thin insulating barrier. When a superconducting current flows through this
junction by tunneling, the phase of the current will be changed. If there are no external
electromagnetic fields, the Josephson junction has the DC Josephson effect,[98] in which
the tunneling current density, j, can be described as:

𝑗 = 𝑗0 sin(𝜑)

(2.23)

where j0 is the maximum supercurrent, or the critical current, of the junction, and φ is the
phase change. When an external DC bias, V, is applied on the Josephson junction, such a
bias will cause the AC Josephson effect,[98] in which the functional form of the tunnel
current density changes to:
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𝑗 = 𝑗0 sin(𝜑 − 2𝑒𝑉𝑡⁄ℏ)

(2.24)

where t is the time. A superconducting loop with a Josephson junction in a SQUID is
capable of detecting magnetic moment. When a magnetic flux Φ goes through the
superconducting loop, quantum effect leads the current density in the Josephson junction
to be:[98]
𝑗 = 𝑗0

sin(𝜋 𝜙⁄𝜙0 )
𝜋 𝜙⁄𝜙0

(2.25)

where Φ0 is the flux quantum, and Φ0 = πħ / e = 2.07 × 10-15 Tm2. The output voltage
measured from the superconducting loop relates to the magnetic flux, in units of Φ0.

Figure 2.26 (a) The measuring temperature (T) dependence of the magnetization of a FeS2 film
sulfidized at 200 C. The data were acquired in H = 100 Oe after zero field cooling (ZFC) and field
cooling (FC) in 100 Oe. (b) 10 K hysteresis loops of this FeS2 film.

92

Therefore, SQUIDs are very sensitive for detecting very small magnetic moments, ideal
for measuring samples with very small volume, such as thin films. SQUIDs can also vary
the sample temperature and external magnetic field by applying similar techniques as in a
cryostat. In this study, magnetometry measurements of FeS2 thin films were conducted in
a SQUID magnetometer from 5 to 300 K in fields up to 7 T (70 kOe). Figure 2.26(a) and
Figure 2.26(b) show the temperature and magnetic field dependence of the magnetization
(M) in a FeS2 thin film sulfidized at 200 C. Since FeS2 is diamagnetic, it is clear that some
magnetic impurities exist in this film. More details will be discussed in the next chapter.

2.6

Optical absorption measurements

Optical measurements can help to measure the optical properties of FeS2, especially the
absorption coefficient. The absorption coefficient, α, can be calculated based on:

𝐴=

𝐼𝑜𝑢𝑡
= exp(−𝛼𝑡)
𝐼𝑖𝑛

(2.26)

where A is the absorption, which is the ratio of output optical intensity to the input optical
intensity, and t is the sample thickness. However, reflections have to be considered when
measuring A or α. As shown in Figure 2.27(a) on the optical transmission of a FeS2 thin
film, reflections occur at the three interfaces: The air/substrate (indicated as R1), the
substrate/FeS2 (indicated as R2) and the FeS2/air (indicated as R3). Note the reflected beams
can be reflected back by another interface. For example, R3 can hit on the substrate/FeS2
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interface and be reflected back into the FeS2 film again. With these effects considered, the
final transmission, T, of this system shown in Figure 2.27(a) can be described as:[99]

𝐼𝑓
1 − 𝑛𝑠 2
𝑇 = = [1 − (
) ]
𝐼0
1 + 𝑛𝑠
16𝑛𝑠 (𝑛𝑓 2 + 𝑘 2 )𝐴
×
4𝜋𝑛𝑠 𝑡
4𝜋𝑛𝑠 𝑡
𝐶1 + 𝐶2 𝐴2 + 2𝐴[𝐶3 cos (
) + 𝐶4 sin(
)]
𝜆
𝜆

(2.27)

with
2

2

2

2

𝐶1 = [(𝑛𝑓 + 𝑛𝑠 ) + 𝑘 2 ][(𝑛𝑓 + 1) + 𝑘 2 ]

(2.28)

𝐶2 = [(𝑛𝑓 − 𝑛𝑠 ) + 𝑘 2 ][(𝑛𝑓 − 1) + 𝑘 2 ]

(2.29)

𝐶3 = −(𝑛𝑓 2 − 𝑛𝑠 2 + 𝑘 2 )(𝑛𝑓 2 − 1 + 𝑘 2 )  + 4𝑘 2 𝑛𝑠

(2.30)

𝐶4 = 2𝑘(𝑛𝑓 2 − 𝑛𝑠 2 + 𝑘 2 ) + 2𝑘𝑛𝑠 (𝑛𝑓 2 − 1 + 𝑘 2 )

(2.31)

in which If and I0 represent the transmitted and incident beam intensities. ns is the refractive
index of the transparent substrate, and nf −ik is the complex refractive index of the FeS2.
Both ns and nf depend on the photon wavelength, λ. The air refractive index is 1, which can
be seen as independent of λ. Note that the absorption A, absorption coefficient α, and the
imaginary part k, satisfy the relation:

94

𝐴 = exp(−𝛼𝑡) = exp(−

4𝜋𝑘
𝑡)
𝜆

(2.32)

The ns and nf as a function of λ can be known from literature, or can be measured from the
transmission data when the photon energy is below the sample bandgap. Then, based on
the known ns, nf and equations (2.26) - (2.32), the relationship between α and the photon
energy, E, can be extracted from transmission measurements. Figure 2.27(b) shows a
representative α vs. E plot for a FeS2 thin film, which highlights the 1 eV bandgap and high
absorption coefficient of FeS2.

Figure 2.27 (a) The optical transimission measurement for measuring film absorption coefficient.
If and I0 represent the transmitted and incident beam intensities. R1, R2 and R3 indicate the
reflectance happened at the three interfaces of the air/substrate, the substrate/FeS2 and the FeS2/air.
ns is the refractive index of the transparent substrate, and nf-ik is the complex refractive index of
the FeS2. (b) the absorption coefficient (α) as a function of photon energy (E) for an FeS2 thin film.
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Chapter 3: Crossover from intergranular hopping
to diffusive transport in ex situ sulfidized iron
pyrite thin films

This chapter is mainly based on the publication: "Crossover from nanoscopic
intergranular hopping to conventional charge transport in pyrite thin films." in ACS
Nano (2013) by Xin Zhang, Mike Manno, Andrew Baruth, Melissa Johnson, Eray S. Aydil
and Chris Leighton.[18] Adapted with permission from Ref. [18]. Copyright (2013)
American Chemical Society. It is in this chapter that we have performed a detailed study
of electronic conduction in thoroughly characterized FeS2 thin films synthesized via one of
the simplest techniques: ex situ sulfidation of Fe (see Section 2.1). The results reveal a
significant surprise. Specifically, as the sulfidation temperatures are increased above 400450 C we observe a crossover in the conduction mechanism, from hopping to a more
conventional band transport-type mechanism. Through detailed analysis of the transport
parameters, characterization of the Fe spin-state, and simple calculations on S diffusion,
we demonstrate that this hopping occurs via conductive S-deficient nanoscopic grain cores
(at volume fractions beneath typical lab x-ray detection limits), embedded in nominally
stoichiometric FeS2. As the sulfidation temperature is increased, and diffusion improves,
this gives way to more conventional transport. The implications in terms of expectations
for device performance from films synthesized under diffusion-limited conditions are quite
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clear. Moreover, the conduction crossover is found to be accompanied by an abrupt sign
reversal of the Hall coefficient, from hole-like (in the hopping regime) to electron-like. In
addition to emphasizing the need to fully understand transport mechanisms in order to
reliably interpret the sign of the Hall coefficient, our findings also highlight that FeS 2 thin
films are not universally p-type.

3.1

Structural and chemical characterization

As described in more detail within Section 2.1.1 and 2.1.3, FeS2 films were prepared
by ex situ sulfidation of 33 nm thick Fe films on Al2O3(0001) at sulfidation temperatures,
TS, between 100 and 800 C. Wide-angle x-ray diffraction (WAXRD) data as a function of
TS are shown in Figure 3.1. As discussed in Section 2.3.1.2, these data were obtained by
integrating 2D area scans, and are normalized to thickness, and intensity of the Al2O3
(0006) substrate peak. Expected powder patterns for pyrite FeS2, marcasite FeS2 (the wellknown FeS2 polymorph), and metallic Fe are shown for comparison. Below 200 C,
although energy dispersive spectroscopy (EDS) detects 5 at. % S, only the reflections
from metallic Fe are observed, indicating that crystalline Fe-S compounds do not yet form
in detectable quantities. This changes radically at TS  200 C (in reasonable agreement
with prior work),[100,101] where multiple peaks indexable to pyrite FeS2 are observed,
growing in intensity with TS, particularly above 400 C. Only at TS = 800 C is any evidence
for a minor marcasite impurity phase found (peaks labeled with an asterisk). We thus
conclude, with the usual caveats regarding WAXRD detection limits, that single-phase,
nominally untextured, pyrite FeS2 is obtained over a wide range of TS from 200 to 700 C.
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Note that controversy exists over the extent to which non-stoichiometry is possible in FeS2
(see Section 1.2.2.1). We use the term “single phase” to mean single phase within the
resolution of the various techniques applied here.

Figure 3.1 Wide-angle x-ray diffraction from Al2O3(0001)/Fe films (original thickness 33 nm)
sulfidized at temperatures between 100 and 800 C. An unsulfidized film is shown for comparison.
The bottom panels show comparisons to pyrite FeS2, marcasite FeS2, and Fe powder patterns.
Marcasite peaks in the experimental data (at 800 C) are labeled with an asterisk.
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Scanning electron microscopy (SEM) images of films sulfidized between 200 and 700
C are shown in Figure 3.2, in both plan (top panel) and tilt (bottom panel) views. At TS ≤
400 C we find a dense array of quite monodisperse 60 nm diameter grains, forming
relatively smooth polycrystalline films. The surface roughness is found to be below 5 nm
over a 2 x 2 m area, from contact mode AFM. Above 400 C however, rapid grain growth
occurs, accompanied by an increase in surface roughness and faceting as the grain size
approaches the thickness. Somewhat similar behavior has been observed in prior work on
ex situ sulfidation.[15,100–102] At TS values such as 600 C (Figure 3.2(d,i)) we obtain
films that are essentially a monolayer of 100 nm diameter FeS2 grains, a desirable
microstructure for PV applications. At even higher TS (e.g. 700 C, Figure 3.2 (e,j))
discontinuity and delamination occur. This is in the temperature range at which pyrite
decomposition is likely to become an issue under these conditions. The transport studies
that are the major focus of this paper thus focus on 200 C  TS  600 C.
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Figure 3.2 Plan-view (a-e) and tilt-view (5 from the substrate plane, (f-j)) secondary electron SEM
images (15 kV accelerating voltage) of Al2O3(0001)/Fe films (original thickness 33 nm) sulfidized
at representative temperatures of 200, 350, 500, 600 and 700 C.

Quantification of the results from Figs 3.1 and 3.2, and additional characterization data,
are shown as a function of TS in Figure 3.3, which plots; (a) the lattice parameter (a) from
WAXRD, (b) the normalized intensity of the (200) pyrite WAXRD peak (I200), (c) the
lateral grain size (dgrain) from SEM, (d) the film thickness (t) from tilted SEM, and (e) the
S content from EDS. The out-of-plane lattice parameter (Figure 3.3(a)) is expanded by
0.5 % with respect to bulk (horizontal dashed line). Variations in lattice parameter have
been reported for multiple FeS2 deposition methods,[15,103] and could be related to point
defects,[15] or potentially strain. We note, (i) that the expansion observed here is
comparable in magnitude to other work,[103] and (ii) that our data provide evidence of an
approach to the bulk value above 400 C, perhaps implying lower defect density or the
onset of strain relaxation. Panels (b) and (c) illustrate more quantitatively the trends in
Figures 3.1 and 3.2, a substantial increase in I200 and dgrain occurring above TS  400-450
C. As can be seen from Figure 3.3(d), the final film thicknesses is essentially independent
of TS above 200 C, the expansion factor (3.4, defined in Section 2.3.1.3) lying close to
theoretical estimates for Fe to FeS2 conversion, again consistent with nominally phase-pure
FeS2. Finally, from Figure 3.3(e) it is seen that the S content is only weakly TS-dependent.
Some evidence for S excess is found at 200 C < TS < 400 C, perhaps consistent with the
expanded lattice parameter (Figure 3.3(a)). Additional characterization for 200 C  TS 
600 C is provided in Figs 3.4 and 3.5, demonstrating a uniform Fe:S ratio through the film
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depth (from Auger electron spectroscopy (AES)), in addition to further evidence of phase
purity (from Raman).
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Figure 3.3 Sulfidation temperature (TS) dependence of (a) the lattice parameter (a), (b) the
integrated and normalized intensity of the (200) pyrite FeS2 wide-angle x-ray diffraction peak (I200),
(c) the in-plane grain size from SEM (dgrain), (d) the final film thickness from tilt-view SEM images
(t) (the original Fe thickness was 33 nm), and (e) the S atomic % from EDS. The horizontal dashed
lines in (a), (d), and (e) correspond to the bulk lattice parameter, final thickness based on expected
expansion ratio, and ideal stoichiometry, respectively.

Figure 3.4 Elemental composition (Fe, S, Al and O) as a function of depth (z) in FeS2 films
sulfidized at (a) 200, (b) 400, and (c) 600 C. The films were approximately 110 nm-thick. The
Al2O3/FeS2 interface is labeled and defined as z = 0. The shaded areas indicate the interfacial region.
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Figure 3.5 Raman spectra of 110 nm-thick FeS2 films sulfidized at (a) 200, (b) 400, and (c) 600
C. The peaks around 343, 380, and 430 cm-1 are assigned to pyrite FeS2 based on prior work.[23]
The peak near 490 - 500 cm-1 may be associated with residual S.[84] No marcasite FeS2 (expected
peak positions of 315 – 324 cm-1 and ≈ 385 cm-1[23]) was detected.

3.2

Optical absorption measurements

Optical transmission measurements (see Section 2.6 for more detail) were conducted
on the sulfidized pyrite FeS2 thin films in order to check optical properties. The film
absorption coefficient (α) was then calculated. Figure 3.6 shows α as a function of the
photon energy for films sulfidized at 200, 400, and 600 C. The results for the films
sulfidized at 400 and 600 C are nearly identical: the two curves almost overlap with each
other and have an initial point of the absorption at around 0.9 eV. On the other hand, the
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result for the film sulfidized at 200 C is quite different from the other two, showing a
significant sub-gap absorption below 0.9 eV. This is not consistent with expectations for
FeS2. Later in this chapter we will provide the proof indicating Fe nanoclusters existing in
the film sulfidized at 200 C. Therefore, such a sub-gap absorption must be due to the Fe
impurity phase inside the film.
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Figure 3.6 The calculated optical absorption coefficient (α) at the photon energy (E) between 0.6
and 3.0 eV for the pyrite FeS2 thin films sulfidized at 200, 400, 600 C.

3.3

Electronic transport measurements

Wide temperature range measurements of the resistivity () for 200 C  TS  600 C
are shown in Figure 3.7(a) on a log-linear plot. Although all (T) curves exhibit monotonic
semiconducting-like behavior, the evolution with TS is non-trivial. Specifically, for TS 
450 C both the low and high T values of  increase monotonically with TS, while for TS >
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450 C the 300 K  values saturate, but the low T resistivity actually decreases with
increasing TS. This is depicted more clearly in Figure 3.8(a). We immediately note the
obvious correlation with the structural data (Figure 3.3), specifically the importance of the
450 C temperature scale. Figures 3.7(b) and (c) demonstrate that this abrupt change in
resistivity behavior at TS  450 C is in fact due to a change in the functional form of (T).
Lower TS samples (Figure 3.7(b)) exhibit linear behavior at low T on a ln() vs. T -1/2 plot,
implying a T dependence of the form  = 0 exp (T0/T)1/2, where 0 is the T   value of

, and T0 is a characteristic temperature. In contrast, higher TS samples (Figure 3.7(c)),
particularly the 600 C limiting case, approach linearity at low T on a ln() vs. T -1 plot,
implying a simple activated dependence,  = 0A exp (EA/kBT), where 0A is the T  
value of , and EA is the activation energy. This conclusion is reinforced via a quantitative,
unbiased analysis using the logarithmic derivative method, where w = –d(ln)/d(lnT) is
plotted vs. lnT in order to linearize  = 0 exp (T0/T)-m, yielding the exponent, m, from the
slope. This is shown, in the low T region, in Figure 3.7(d), where slopes of m = ½ and 1
are also shown for comparison. The crossover from m  ½ to m  1 with increasing TS is
clear, the separatrix between the two regimes lying around 450 C. This is shown more
explicitly in Figure 3.8(b), where the TS dependence of the best-fit value of m at low T is
plotted. It must be emphasized that we are focusing here on the low T asymptotic behavior.
As shown in Figures 3.7(b,c), and discussed in more detail below, deviations from these
forms do occur at higher T, and are in fact expected. Figures 3.8(c) and (d) further plot the
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TS dependence of the parameters 0, T0 and A, EA, from the low TS and high TS regions,
respectively. In all cases the crossover at 400-450 C is quite clear.

Figure 3.7 Temperature dependence of the resistivity (ρ) of 110 nm-thick FeS2 films sulfidized at
temperatures of 200 to 600 C. The data are plotted as (a) ρ (log scale) vs. T (all films), (b) ln ρ vs.
T -1/2 (for sulfidation temperatures 500 C and below), and (c) ln ρ vs. T -1 (for sulfidation
temperatures 550 C and above). In (d) ln W vs. ln T is plotted in the low T region, where W = -d
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ln ρ/d ln T. Slopes of m = ½ and 1 are shown for comparison, where m is the exponent in  = 0
exp (T0/T)-m. The curves have been vertically displaced for clarity.
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Figure 3.8 Sulfidation temperature (TS) dependence of (a) the 18 K and 300 K values of the
resistivity, (b) the exponent, m, in  = 0 exp (T0/T)-m, (c) the resistivity pre-factors extracted from
fits to  = 0 exp (T0/T)1/2 (left axis) and  = 0A exp (EA/kBT) (right axis), (d) the characteristic
temperature (T0) and activation energy (EA) extracted from fits to these forms, and (e) the magnitude
of the 290 K Hall coefficient, RH. In (b) the horizontal dashed lines indicate the special values of m
= ½ and 1. In (e) the +/- symbols indicate the sign of the Hall coefficient. Note that, as indicated
by the arrow, the TS = 300 C data point represents simply an estimate for an upper bound for the
very low RH value obtained.

3.4

Transport mechanisms and analysis

The central question at this stage is the origin of the low TS (m  ½) and high TS (m 
1) low temperature transport behavior, and indeed the crossover between the two.
Straightforwardly, we interpret the simple activated (m  1) behavior approached at high
TS in terms of conventional semiconductor transport, likely associated with shallow
dopants or band-tail conduction. The EA values ( 5 meV) are consistent with this
interpretation, as is the order of magnitude of 0A.[75] Given the small values of EA the
curvature seen in Figure 3.7(c) at higher T is unsurprising, and indicates a gradual crossover
to higher activation energy transport at higher T, as would be expected. The m = ½ behavior
at low TS is more challenging. This behavior could be interpreted in terms of conventional
Efros-Shklovskii

Variable-Range

Hopping

(ES

VRH)

in

a

homogeneous

semiconductor,[75] or Inter-Granular Hopping (IGH, a special type of ES VRH) in a
mixed-phase semiconductor.[79–83] The IGH mechanism must be explicitly considered
here as such nanoscale inhomogeneity in conductivity is certainly plausible, particularly in
polycrystalline films synthesized via diffusion-limited reaction with sulfur. IGH has even
been employed as a method to detect such inhomogeneity.[104] We argue below that a
strong case can in fact be built in favor of the IGH scenario over conventional ES VRH.
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Note that in either case, a gradual crossover to other forms of (non-hopping) conduction is
expected in the higher T limit.
The first point in favor of IGH is that the observed T0 values are difficult to reconcile
with conventional ES hopping. In conventional ES VRH the maximum T0 occurs in the
insulating limit, where  has no electronic enhancement and LC takes its limiting value, the
Bohr radius.[75] Using literature values for [105] and the effective mass,[106] and a
hydrogenic model for the Bohr radius, we obtain T0max  1800 K for n-type FeS2. Here we
use the n-type case as an example at this point, since n-type behavior is confirmed later. At
higher doping  and LC diverge as the insulator-metal transition is approached, rapidly
decreasing T0.[75] In disordered polycrystalline films that are anticipated to be heavily
doped (as confirmed below) we thus expect T0 << 1800 K. As can be seen from Figure
3.8(d) this is not the case, T0 lying in the 1000 – 2000 K range. A second strong argument
against conventional ES VRH is provided by magnetoresistance (MR) measurements, as
shown in Figure 3.9. In perpendicular fields diamagnetic wavefunction shrinkage leads to
rapid decreases in wavefunction overlap with increasing magnetic field (H),[75] and thus
to large positive MR. This MR follows ln[  ( H ) /  (0)]  t (e / ch) H LC (T / T 0)
2

2 4

1.5

for

conventional ES VRH in the weak field limit, with t = 0.0015 (ref. 27). We thus expect, as
has been verified in numerous systems,[75] a large positive MR, growing monotonically
with decreasing T and increasing H. As shown in Figure 3.9, this is not the case in our
films. While the MR is positive at TS = 400 C, its T dependence is qualitatively
inconsistent with expectations, saturating at 1.5 % at 15 K. This discrepancy between
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experiment and conventional ES VRH theory is even more acute for films synthesized at
TS = 200 C, where the MR is non-monotonic with T, has a complex H dependence, and
even changes sign below 10 K. In short, both the energy scale associated with (T), and
the behavior of (T,H), are inconsistent with conventional ES VRH.

Figure 3.9 Magnetoresistance (MR) of 110 nm-thick FeS2 films sulfidized at 200 and 400 C. (a)
and (b) show the field dependence of MR at multiple temperatures, whereas (c) shows the
temperature dependence of the MR at 90 kOe. Solid lines are guides to the eye.
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Based on the above, interpretation of  = 0 exp (T0/T)1/2 behavior in terms of IGH is
clearly favored, directly implicating nanoscale spatial variations in conductivity. Given our
diffusion-limited synthesis conditions one obvious scenario is the retention of nanoscopic
conductive S-deficient cores (of Fe, FeS1x, or Fe3S4 (ref. 34)), with volume fractions
beneath WAXRD detection limits, at the center of nominally stoichiometric FeS 2 grains.
Magnetometry provides a sensitive probe of such a possibility as the Fe2+ in FeS2 exists in
a non-magnetic (S = 0, t2g6eg0) configuration (see ref. [35] for example), whereas Fe, FeS1x
and Fe3S4 exhibit magnetic order. Magnetization (M) vs. H loops were thus collected on TS
= 200 and 400 C samples (insets to Figures 3.10(a,b)). Remarkably, the 200 C film
exhibits clear ferromagnetic response, with finite remnance and coercivity, and a small but
significant saturation magnetization of 0.04 B/Fe. The main panel of Figure 3.10(a)
displays M(T) measured at H = 100 Oe (after both field cooling (FC) and zero field cooling
(ZFC)), demonstrating superparamagnetic behavior. The ferromagnetism is thus not
uniformly distributed but is confined to small volumes. These volumes apparently become
thermally unstable (on the timescale of the measurement) at a blocking temperature, TB,
around 78 K.
Assuming for the moment that this magnetic signal arises due to metallic Fe, the
magnetization we observe can be accounted for by as little as 0.5 vol. % of unreacted Fe,
a value that lies below our own WAXRD detection limits (see SI for more details), and
likely many such lab XRD systems. Combining this estimated volume fraction with the
measured dgrain, and assuming the unreacted Fe lies at the core of each grain, a trivial
calculation yields a core size, dcore, of 10 nm. This is in good agreement with the typical
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particle sizes for which IGH is detected, and is broadly consistent with the observed T0.[80]
For example, using dcore = 10 nm and literature values for  results in Coulomb charging
energies around 10 meV, consistent with observation of IGH up to 100’s of K. Under the
simple assumption of spherical grain cores this dcore can also be combined with the known
magnetocrystalline anisotropy constant of metallic Fe to predict, with no adjustable
parameters, TB = 72 K. The excellent agreement with the measured value (78 K) confirms
that all aspects of these measurements are quantitatively consistent with an Fe metal grain
core. Alternatively, repeating these calculations assuming for example that FeS 1x is
retained in the grain cores yields an impurity phase volume fraction of 20 %, and TB  TC
(580 K), both of which are inconsistent with experiment. We assumed here the phase in
the vicinity of Fe1S1 with the largest magnetization (pyrrhotite – see Section 1.2.2.3).
Assuming the existence of other phases with lower magnetization would yield even larger
volume fractions, again clearly inconsistent with our structural characterization. The
situation is similar for Fe3S4. Specifically, assuming Fe3S4 is present and using the known
magnetization and anisotropy constant,[107] we obtain TB = 200-300 K, again inconsistent
with our data. We thus definitively rule out FeS1x or Fe3S4 grain cores in favor of metallic
Fe, although it is possible, perhaps likely,[108] that a thin shell of FeS1x exists between
the Fe core and the FeS2 matrix. Reassuringly, at a higher TS of 400 C, where diffusion is
expected to have improved, both the saturation magnetization and M(T) FC/ZFC splitting
are dramatically reduced (Figure 3.10(b)), to the point where they are barely detectable. At
TS = 600 C we detect no magnetization above background. The crossover from IGH to
conventional activated transport, our central observation so far, is thus simply interpreted
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Figure 3.10 Panels (a) and (b) show the measuring temperature (T) dependence of the
magnetization of 110 nm-thick FeS2 films sulfidized at 200 and 400 C. The data were acquired in
H = 100 Oe after zero field cooling (ZFC) and field cooling (FC) in 100 Oe. The insets show 10 K
hysteresis loops. Panel (c) displays the temperature dependence of the diffusion length ( S =
(D(TS)t)1/2, where D(TS) is the diffusion coefficient and t is time (fixed at 8 hours)), for S diffusion
in Fe. The data are shown both for grain boundary diffusion (assuming grain boundary widths of 1
and 10 nm[109]), and for large grain polycrystal[110] and single crystal Fe[111] (to exemplify bulk
diffusion). The shaded region on the left (right) marks the range of relevant thicknesses (grain
sizes).

in terms of an evolution from nanoscopic unreacted Fe cores in an FeS2 matrix to nominally
single-phase uniform FeS2. It should be emphasized that such IGH transport ideas could
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well be applicable beyond ex situ sulfidation methods, and that any situation that could
lead to significant nanoscale variations in Fe/S ratio could potentially result in IGH
transport. It is worth noting in fact that in our recent prior work on reactively sputtered
FeS2 a  = 0 exp (T0/T)1/2 dependence was also observed.[35] Further work will be
required to fully understand the generality of such behavior in FeS2 synthesized by other
methods.
The scenario discussed above is in fact supported by a simple analysis of S diffusion in
Fe. As in the case of sulfidation of Co[112] we believe that the reaction to form the disulfide
is diffusion-limited, proceeding in two steps: Grain boundary diffusion to enable
widespread ingress of S, followed by bulk diffusion through the grain interior.[108,112]
Literature data on these two processes is shown in Figure 3.10(c), which plots the T
dependence of the diffusion length, S = (D(TS)t)1/2, where D is the diffusion constant for
S in Fe, and t is time (fixed at 8 hrs in this case). Data are shown both for grain boundary
diffusion (assuming grain boundary widths of 1 and 10 nm[109]), and for large grain
polycrystal[110] and single crystal[111] Fe (to exemplify bulk diffusion). For such a simple
estimate, the length scale relevant for the grain boundary diffusion is the film thickness,
which is 33 nm initially, rising to 110 nm after sulfidation. The length scale relevant for
the bulk diffusion is the grain size, which is in the range 55 to 110 nm. Marking the film
thickness and grain size ranges relevant to our case (i.e. 33 to 110 nm, and 55 to 110 nm,
respectively) with horizontal bands, the temperature ranges of intersection with the S(T)
curves for the grain boundary and bulk diffusion cases yield simple estimates for the TS at
which sulfidation is expected to commence, and near completion. This process, which is
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shown in Figure 3.10(c), yields 160-220 C and 430-560 C, respectively. The agreement
with experiment (200 and 450 C) is remarkable, despite the fact that we have ignored
some potential complicating factors, particularly S diffusion rates in intermediary FeS 1x,
and in FeS2 itself.[108]

3.5

Hall effect crossover

Our conclusion of a TS-dependent crossover from intergranular hopping to
conventional transport due to diffusion-driven improvements in nanoscale homogeneity
provides important context for the final interesting result of this study. This is shown in
Figure 3.8(e), where the magnitude of the 290 K Hall coefficient (RH), as extracted from
Hall measurements described in Section 2.4.2, is shown as a function of TS. The data reveal
two surprising observations: A 3 order of magnitude increase in |RH| at TS  400 C, and a
coincident abrupt sign reversal from positive at low TS to negative at high TS. (The +/- signs
adjacent to each point indicate the sign of RH). Naïve interpretation within the simplest
model (i.e. a single dominant carrier type, in diffusive transport) would suggest a crossover
from p-type to n-type. However, as introduced in Section 1.2.2.3, in the hopping transport
regime it is well-known that the Hall effect is strongly suppressed, that it evolves with T,
H, and carrier density in a complex manner (preventing simple extraction of the carrier
density),[76,77] and that it can even result in a sign for the Hall coefficient that no longer
reflects the true sign of the charge carriers.[76,77] We thus believe that the small |RH|
observed at TS < 400 C is due to the occurrence of hopping transport, and that the positive
sign must not be interpreted in terms of p-type conduction. The rapid increase in |RH| around
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TS = 400 C signals the crossover from the hopping to diffusive transport regime, where
the Hall effect can be more simply interpreted. The conduction in this regime is found to
be definitively n-type. Converting these RH values at TS  400 C to electron densities
yields 5  1020 to 1  1021 cm-3. (Note here that we have used the simplest model where a
single carrier type is assumed dominant; our observation of a linear Hall effect to 9 T at all
temperatures (Figure 3.11) is important in this regard). These very heavy doping levels
result in correspondingly low electron mobilities (0.1 to 0.01 cm2V-1s-1 for the three films
shown in Figure 3.10(e)). Note that both the absolute value of the mobility (0.1 – 1 cm2V1 -1

s ), and its temperature dependence (see Figure 3.12), indicate proximity to the crossover

region between hopping and diffusive transport regimes. This is consistent with close
examination of Figure 3.8(b) which suggests that perfect adherence to  = 0A exp (EA/kBT)
is not yet achieved even at TS = 600 C.
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Figure 3.11 Magnetic field dependence of the Hall resistivity (ρxy) at 290 K for 110 nm-thick FeS2
films sulfidized at 200, 400 and 600 °C. The values for the film sulfidized at 200 °C have been
multiplied by 100. The solid lines are straight line fits.

Figure 3.12 Temperature dependence of the carrier density (nHall, (a)), the resisitivity (ρ, (b)) and
the carrier mobility (µ, (c)) for a 110 nm-thick FeS2 film sulfidized at 400 °C. Solid lines are guides
to the eye.

3.6

Conclusions

We conclude with some comments on the implications of these findings for future
research on FeS2 for PV applications. First, and particularly for synthesis routes that may
result in diffusion limited conditions, it is clear from this work that attainment of
conventional diffusive semiconductor transport in FeS2 films is non-trivial, requiring
significant attention to nanoscale chemical homogeneity. Second, it is also clear that
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considerable caution must be exercised in interpretation of Hall measurements, particularly
with respect to the determination of the sign of the charge carriers. In this context we note
(i) that some reports of p-type conduction in FeS2 films have been made in the absence of
temperature-dependent measurements definitively establishing diffusive transport, and (ii)
that an intriguing correlation exists, both in bulk and thin film FeS2, between low mobility
and apparent p-type transport. With regard to the latter, recent work on single crystals has
even revealed a temperature-dependent sign reversal of the Hall effect.[41] Future work,
combining a variety of synthesis methods with detailed electronic characterization, should
be able to resolve many of these issues, hopefully providing the long-elusive understanding
of the doping and transport mechanisms in FeS2 films. On this note we would like to point
out that while the mobilities reported in this paper for ex situ sulfidized films remain modest
(0.1 - 1 cm2V-1s-1 or less), considerable room for improvement remains, particularly by
improving synthesis and post-deposition treatment protocols. Indeed, future work refining
synthesis and processing techniques for appropriate defect management will be required to
reduce the carrier densities to workable levels for PV devices, and to improve mobility.
The origin of the n-type behavior seen in this work is also an open issue that will require
further work. While there are many possible origins, uncontrolled dopants in the Fe starting
material, and out-diffusion of dopants from the substrate are obvious possibilities that
should be further investigated.
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Chapter 4: Phase stability and stoichiometry in
thin film iron pyrite: Impact on electronic
transport properties

This chapter is mainly based on the publication: “Phase stability and stoichiometry in
thin film iron pyrite: Impact on electronic transport properties.” in ACS Applied Materials
& Interfaces (2015) by Xin Zhang, Tom Scott, Tyler Socha, David Nielsen, Michael
Manno, Melissa Johnson, Yuqi Yan, Yaroslav Losovyj, Peter Dowben, Eray S. Aydil, and
Chris Leighton.[70] Adapted with permission from Ref. [70]. Copyright (2015) American
Chemical Society. Significant for this chapter is that, of the existing thin film studies of
FeS2, only a small fraction report mobilities sufficiently large that diffusive transport can
be safely assumed, and thus Hall measurements simply interpreted. In many other cases
thin film mobilities are so low that interpretation of the Hall coefficient should be explicitly
acknowledged as non-trivial. As I introduced in the previous chapter, our recent work with
FeS2 films synthesized by ex situ sulfidation of Fe[18] emphasized this point, showing that
low mobility n-type films can be easily mistaken for p-type, due to the Hall coefficient
diminishing, and reversing sign, with the onset of hopping transport. This is a well-known
phenomenon in disordered semiconductors, a-Si providing the textbook example.[76–78]
In the prior chapter, the specific situation giving rise to non-diffusive transport was found
to be hopping associated with nanoscopic Fe-rich clusters in the FeS2 matrix, at volume
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fractions far beneath typical X-ray detection limits.[18] While these clusters were
eradicated at higher processing temperatures,[18] this nevertheless highlights another issue
with pyrite films: the management of nanoscale stoichiometry variations. Also important
is the frequently observed low mobility,[2,18,19,23,34,38,40] which seems to be
associated with uncontrolled doping at densities up to even 1020-1021 cm-3,
[2,18,19,23,34,38,40] far beyond what can be used in solar cells. Although a number of
potential explanations have been advanced, including some ubiquitous uncontrolled dopant
(see Section 1.2.2.1), it is unclear what defect(s) is actually responsible.
As introduced in Section 1.2.2.1, the issue of (non)stoichiometry arises frequently in
the above discussion, and is a great problem in FeS2. Non-stoichiometric defects (both bulk
and surface),[2,21,23–29] n-doping by S vacancies,[41] FeS-like surface layers,[26,28,29]
and a strong tendency to form S-deficient bulk impurity phases[26] have all been discussed.
S-poor impurity phases are a particular concern with FeS2 given the stability of FeS
(troilite), Fe7S8 (pyrrhotite), the related pyrrhotite ordered defect phases in the Fe1-S range,
and greigite Fe3S4.[87] Additionally, while equilibrium bulk phase diagrams depict FeS2
as a line-compound with a decomposition temperature of 740 C, some non-stoichiometry
is certainly possible, particularly at semiconductor doping levels,[26,41] as is the onset of
surface/bulk decomposition at temperatures well below that shown in the bulk phase
diagram, potentially at temperatures relevant to typical processing conditions. Thorough
studies of non-stoichiometry and phase stability in pyrite crystals and films are thus timely,
particularly if solid connections can be made to electronic properties and doping.
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It is in this chapter that we have performed a systematic study of the structural,
chemical, transport, magnetotransport, and magnetic properties of initially phase-pure FeS2
thin films as a function of vacuum annealing, seeking to understand phase stability,
stoichiometry evolution with reduction, and their impact on transport. At annealing
temperatures of 400 C, bulk probes first detect the formation of a pyrrhotite (Fe1-S)
minority phase. At temperatures only 25 C higher this phase becomes dominant in
diffraction and Raman spectroscopy, demonstrating an abrupt transformation from pyrite
to pyrrhotite. Complementary X-ray photoelectron spectroscopy from the (001) surfaces
of FeS2 single crystals help understand this, surface signatures of Fe1-S being detected at
as low as 160 C, with a rapid increase in phase fraction around 400 C. This stoichiometry
evolution is dramatically reflected in transport, which reveals sequential crossovers from
conventional semiconductor transport to hopping (in this case associated with nanoscale
conductive clusters of Fe1-S in the FeS2 matrix), then from hopping to metallic behavior
(due to the conductive Fe1-S majority phase). The former crossover is accompanied by a
sign reversal and a decrease in the magnitude of the Hall coefficient, again highlighting the
difficulties associated with eliminating nanoscale chemical inhomogeneity in pyrite films,
and with interpreting the sign of the Hall coefficient.[18] Careful examination of the
structural, chemical, transport, and magnetic parameters provides a detailed picture of the
conversion from pyrite to pyrrhotite with reduction. A central finding is the absence of a
significant window over which reduction of pyrite to FeS2- allows for doping control, at
least at these carrier densities, the formation of pyrrhotite minority phases being preferred.
Similarly, at least in the absence of significant S vapor pressure, annealing in this
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temperature range does not seem promising for mitigation of high carrier density and low
mobility in these FeS2 films. As will be discussed in detail, these results have numerous
implications for future FeS2-based solar cell development.

4.1

Bulk structural / chemical Characterization

As discussed in previous Sections 2.1.1 and 2.1.3, polycrystalline thin film pyrite FeS2
was synthesized by ex situ sulfidation of Fe. This method is essentially 600 C sulfidation
of 33-nm-thick Fe on Al2O3(0001) substrates, to yield 110-nm-thick polycrystalline pyrite
with grain size 100 nm,[18] i.e. a “monolayer” of grains. At such high sulfidation
temperatures the films are phase-pure (marcasite-free) pyrite based on laboratory wideangle X-ray diffraction (WAXRD) and Raman spectroscopy.[18] Depth-profiled Auger
electron spectroscopy measurements reveal a uniform composition profile, albeit with
evidence for interdiffusion at the Al2O3/FeS2 interface. Energy dispersive spectroscopy
(EDS) puts the S/Fe ratio at 1.88  0.10. Importantly, under these synthesis conditions,
hopping conduction due to nanoscale Fe-rich clusters is eradicated, with simple activated
transport dominating at low temperature (T).[18] Hall effect measurements unambiguously
establish n-type conduction, typical room temperature electron density (n), resistivity (),
and mobility () lying at 1020 to 1021 cm-3, 0.1 to 0.01 cm2V-1s-1, and 0.5 cm. [18]
Figures 4.1(a) and (b) present the WAXRD pattern and Raman spectrum from an asdeposited (unannealed) single-phase polycrystalline pyrite FeS2 film. In this figure the
lower section of panel (a) shows the expected reflections from (cubic) pyrite FeS2[14] and
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(monoclinic) pyrrhotite Fe7S8,[113] while the lower section of (b) shows the expected
Raman peak positions for pyrite FeS2.[19,23,24,33,34,38,114] In between the panels the
S/Fe ratio from EDS is listed. Consistent with the above statements, the data from
unannealed films suggest phase-pure pyrite FeS2.

Figure 4.1 (a) Wide-angle X-ray diffraction from Al2O3(0001)/FeS2 films after a 1 hr vacuum
anneal (1×10-6 Torr) at temperatures (TA) between 250 and 550 °C. An unannealed film is shown
for comparison. At the bottom the green (magneta) lines show the expected pyrite FeS2 (pyrrhotite
Fe7S8) powder patterns. For TA = 400 °C, magneta asterisks mark reflections from pyrrhotite. (b)
Raman spectra of the same films. At the bottom the green dashed lines mark the 344, 380, and 430
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cm-1 peaks expected from pyrite FeS2.[114] The pyrrhotite phase dominating at TA ≥ 425 °C is
Raman inactive in this range.[114] No marcasite FeS2 (expected peak positions 323, 385, 391, and
441 cm−1) is detected. All plots are vertically displaced by ~ 2 arbitrary units for clarity. In between
the panels, the S/Fe ratio from energy dispersive spectroscopy is labeled.

Figures 4.1(a,b) also show the evolution in such bulk characterization data with vacuum
annealing temperature (TA), through 550 C. Up to TA = 350 C the WAXRD and Raman
scattering remain essentially unperturbed by annealing, single-phase pyrite FeS2 being
preserved. Consistent with this, the EDS S/Fe ratio is unchanged within experimental
uncertainty. A small but distinct change takes place at TA = 400 C, however, where the
WAXRD begins to reveal weak reflections associated with polycrystalline pyrrhotite Fe1S,

although the Raman scattering remains unchanged. The S/Fe ratio also decreases at this

annealing temperature, to 1.75  0.09. Remarkably, further increasing TA by only 25 C, to
425 C, results in complete suppression of Raman scattering in the probed wavenumber
range, a transformation in the WAXRD to a pattern consistent with phase-pure
polycrystalline Fe1-S, and a sharp drop in the S/Fe ratio to 1.03  0.05. The absence of
Raman peaks in pyrrhotite is consistent with prior work, which shows that pyrrhotite is
Raman inactive in this window.[114] It is important to note at this stage that the WAXRD
results in Figure 4.1(a) are specifically compared to the Fe7S8 phase of pyrrhotite. As
shown in Figure 4.2, the WAXRD patterns of the various pyrrhotite Fe1-S phases are,
however, similar, particularly for non-zero . While no attempt is made to distinguish
among them at this stage, additional data presented below will shed more light on this issue.
Further increasing TA to 450 and 550 C results in little additional change in WAXRD,
nothing in Raman, and only a weak decrease in the S/Fe ratio, which falls to 0.93  0.05 at
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550 C. In short, these bulk structural and chemical probes indicate, as a function of TA,
nominally phase-pure pyrite FeS2 up to 350 C, the onset of a pyrrhotite Fe1-S minority
phase at 400 C, followed by a rapid transformation to majority phase pyrrhotite by 425
C. The evolution in S/Fe is consistent with this, within experimental uncertainty.

Figure 4.2 Standard X-ray powder diffraction patterns (PDFs) for (a) pyrite FeS2 (PDF# 00-0421340), (b) pyrrhotite Fe9S10 (PDF#00-034-1470), (c) pyrrhotite Fe7S8 (PDF# 00-024-0220) and (d)
troilite FeS (PDF#00-037-0477). Note the similarity between the various Fe1-S patterns.

4.2

Surface chemical characterization
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Figure 4.3 Wide-angle X-ray powder diffraction from a representative ground FeS2 single crystal.
The lattice parameter (aFeS2) extracted from the pattern is shown, and compared to the accepted
value from the pyrite FeS2 PDF (PDF# 00-042-1340). The pattern at the bottom of the figure (green
lines) shows the standard powder diffraction pattern (PDF# 00-042-1340). Note the good
agreement between the data and standard pattern, and the lattice parameter.

To further probe the evolution in phase stability and stoichiometry with vacuum
annealing, in particular to obtain higher sensitivity to the onset of pyrrhotite formation,
complementary X-ray photoelectron spectroscopy (XPS) was performed as a function of
TA, as described in more detail in Section 2.3.1.4. Given the nature of XPS, which is surface
specific (typically probing no more than the first 2 to 5 unit cells (see Section 2.3.1.4 for
more details)), and sensitive to crystalline orientation, this aspect of the characterization
was performed not on polycrystalline films, but on single crystal FeS2. As described in
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Figure 4.4 (a) Energy dispersive spectroscopy from a representative FeS2 single crystal, with the
individual peaks labeled. The extracted S/Fe ratio is 1.92  0.10. Note the similarity to the typical
values obtained for phase-pure (within our detection limits) thin film samples (see main manuscript
text), which lie around 1.9  0.1. While the expected stoichiometric value (2.0) lies within the
experimental uncertainty, the consistent extraction of S/Fe ratios 1.9 in phase-pure FeS2 samples
(both bulk and thin film) may indicate systematic underestimation of the S/Fe ratio in these EDS
measurements. (b) Raman spectrum of a representative FeS2 single crystal. At the bottom of the
figure the green dashed lines mark the 344, 380, and 430 cm-1 peaks expected from pyrite FeS2 (see
main text for more details).
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more detail in Section 2.2, and following an adaptation of a method previously used for
high quality CoS2,[85] a variant of chemical vapor transport (CVT) was employed to grow
the crystals. This resulted in stoichiometric, phase-pure, single crystal pyrite FeS2
specimens, as verified by WAXRD, Raman, EDS, and X-ray diffraction with a 2D area
detector. A summary of the results is provided in Figures 4.3 and 4.4. (001) surfaces were
identified by crystal habit, verified by X-ray diffraction with a 2D detector, and used for
the XPS measurements. In terms of surface preparation, Ar ion sputtering and annealing
procedures were found to alter the surface stoichiometry and lower the pyrite FeS 2(001)
surface stability (as previously reported[29]), and thus were avoided. The measurements
were performed at a photon energy of 1486.6 eV. This is relatively high in comparison to
some prior work,[28,29] and thus less sensitive to the extreme surface region.
The S 2p core level formed the focus of these XPS studies, as this spectral region
provides information on the nature of the bonding with Fe, the nominal Fe valence, and the
surface stoichiometry. As shown in Figure 4.5(a), unannealed pyrite FeS2(001) single
crystal surfaces show the S 2p3/2 / 2p1/2 doublet around 162.80.2 / 164.00.1 eV in binding
energy, with an intensity ratio near 0.5. For reference, prior studies report the S 2p3/2 core
level binding energy as 162.6 eV,[87] 162.9 eV,[115] and 163.1 eV,[116] in good
agreement with the results shown here. With increasing TA, up to 380 C, this S 2p doublet
gradually shifts to lower binding energies, followed by a clear and abrupt transformation
between 380 and 410 C, where a new S 2p doublet at 162.60.3 and 161.40.2 eV
emerges. The spectra then continue to gradually evolve through TA = 530 C, resulting, by
600 C, in a simple doublet shifted by 1.3 eV from the FeS2 starting point (unannealed
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Figure 4.5 (a) Annealing temperature dependent (160 °C  TA  600 °C) X-ray photoemission
spectra from the S 2p core level on the surface of an FeS2(001) single crystal. An unannealed crystal
is shown for comparison. (b) The molar fraction of Fe1-δS [Fe1-δS/(Fe1-δS+FeS2-δ)] vs. TA, as
extracted from XPS spectral components. The dashed line is a guide to the eye. The TA = 450 °C
data in (a) show an example of the decomposition into background (blue dotted line), Fe1-δS (pink
dotted line), and FeS2- (green dotted line) components, resulting in the shown fit (gray dotted line
through red data).
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data). Reference to prior literature confirms that the spectrum at 600 C is in fact
quantitatively similar to prior work on pyrrhotite Fe1-S,[29,87,117] and associated by
Andersson et al[29] and Herbert et al[28] with S vacancies in FeS2. Between ambient and
600 C the spectra were thus fit to a four peak model, describing the S 2p3/2 and 2p1/2 peaks
for both FeS2 and Fe1-S. This process is illustrated for the representative case of TA = 450
C in Figure 4.5(a), showing the four individual peaks in addition to the background (see
figure caption for details). These intensities were then used to extract the molar phase
fractions of FeS2 and Fe1-S, resulting in the TA dependence shown in Figure 4.5(b). Note
that the use of S 2p core level spectra enables this analysis with no need for corrections due
to the energy-dependent electron analyzer transmission function, photoemission crosssections, or mean-free-paths.
As expected from inspection of Figure 4.5(a), minor amounts of Fe1-S begin to form
on the pyrite surface after vacuum annealing at temperatures as low as 160 C, but with a
remarkably rapid increase between 380 and 410 C. Above this temperature the pyrrhotite
molar fraction steadily increases, reaching about 0.9 by 600 C. While the important
distinctions between surface and bulk sensitivity, and (001) vs. random orientation, must
be kept in mind when comparing Figures 4.1 and 4.5, the results are broadly consistent.
Minor pyrrhotite formation, likely limited to the surface, occurs at as low as 160 C in
vacuum,[28] followed by far faster conversion to pyrrhotite around 380 C. In
polycrystalline films, the latter is likely initiated at the surface and in the grain boundary
regions. By 410 C, however, the transformation from pyrite FeS2 to pyrrhotite Fe1-S is
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substantially complete, and Fe1-S becomes the majority phase. Vacuum annealing at still
higher temperatures results in near phase-pure Fe1-S.

4.3

Electronic (and magnetic) properties

In order to probe the impact on electronic transport properties of the phase and
stoichiometry evolution with vacuum annealing captured in Figures 4.1 and 4.5, wide T
range (T) measurements were made at various TA. As shown in Figure 4.6(a), the
unannealed polycrystalline pyrite FeS2 films have   0.5 cm at 300 K, monotonically
increasing to > 103 cm on cooling to liquid helium temperatures.[18] Vacuum annealing
at TA up to 400 C results in what appear to be only relatively small changes in (T), clear
semiconducting-like (d/dT << 0) behavior being preserved. This is consistent with
retention of a pyrite FeS2 majority phase up to 400 C, as seen in Figure 4.1. Between 400
and 425 C, however, where the structural/chemical data (e.g., Figure 4.1) reveal a sharp
transition from a pyrite to pyrrhotite majority phase, the (T) behavior also abruptly alters.
The low T resistivity in fact falls by over six orders of magnitude between TA = 400 and
425 C, the strongly semiconducting behavior at TA  400 C transitioning to a regime of
small negative d/dT and mcm resistivities at TA = 425 C. This is consistent with the
established electronic properties of pyrrhotite Fe1-S, which is known to be a good
conductor; room temperature  is in the 0.1 – 1 mcm range in naturally occurring single
crystals.[71,118]
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Figure 4.6 (a) Temperature (T) dependence of the resistivity (ρ) of Al2O3(0001)/FeS2 films
annealed at temperatures (TA) between 250 and 550 °C. An unannealed film is also shown. The
data are plotted on a log-linear scale. (b) lnW vs. lnT for the same films, where W = -dlnρ/dlnT.
The curves for the unannealed film and the film at TA = 550 °C have no vertical shifts. The curves
at TA = 250, 350 and 400 °C, whose lnW values are always positive, have been vertically shifted
up, while the curves at TA = 425 and 450 °C, whose lnW values are always negative, have been
vertically shifted down, for clarity. For TA ≤ 400 °C, straight line low T fits are labeled with the
slope m, from ρ = ρ0 exp (T0/T)m. The TA = 350 and 400 C curves result in T0 values of 2650 and
4700 K, respectively.
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To probe this transformation more deeply, particularly around TA  400 C where
pyrrhotite begins to form as a bulk minority phase, Zabrodskii plots[119] can be used.
These are lnW vs. lnT plots, where the quantity W, termed the reduced activation energy,
is defined as W = -dln/dlnT. On such plots lnW decreasing as lnT is lowered is
characteristic of conduction on the metallic side of the metal-insulator transition (MIT),
whereas lnW increasing as lnT is lowered is indicative of conduction on the insulating side
of the MIT. Moreover, if the resistivity on the insulating side of the MIT is of the form 
= 0 exp (T0/T)m, where 0 is the T   value of the resistivity and T0 is some characteristic
temperature, a lnW vs. lnT plot linearizes this form, resulting in a straight line of slope –
m.47 This provides a quantitative, unbiased means to extract m, which is indicative of the
active transport mechanism. As discussed in Section 1.2.2.3, m = 1 corresponds to simple
activated behavior ( = 0 exp (T0/T)), as for conventional thermal activation from some
dopant level. Values of m of ¼ or ½ on the other hand (i.e.,  = 0 exp (T0/T)1/4 or  = 0
exp (T0/T)1/2, respectively), indicate variable-range hopping (VRH) of either Mott type
(constant density-of-states around the Fermi level), or Efros-Shklovkii type (where
electron-electron interactions open a soft-gap at the Fermi energy).[75]
For the current study, the essential point is that detection of m = ½ can indicate
conventional Efros-Shklovskii VRH in a homogeneous semiconductor, but can also result
from conductive nanoregions in a more insulating matrix (see Section 1.2.2.3 for more
detail). The latter was in fact directly implicated in our prior work in Chapter 3, where
sulfidation temperatures below the 600 C used here resulted in nanoscopic unreacted Ferich clusters.[18] To directly determine m in the current case, where the electronic transport
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is controlled by the vacuum annealing temperature, TA, Figure 4.6(b) plots lnW vs. lnT for
the films shown in Figure 4.6(a). As expected,[18] the unannealed FeS2 film has m = 0.84
at low T, the proximity to unity indicating close to simple activated transport. (As discussed
in full in Chapter 3, strict adherence to simple activated behavior over a broad T range is
not seen in these FeS2 films; further mitigation of the high doping density and low mobility
will be needed to obtain truly diffusive transport). As TA is increased to 250 C this behavior
is largely unchanged, although m falls slightly to 0.74.
At 350 and 400 C the situation is remarkably different, which is not obvious from
direct inspection of Figure 4.6(a). At these TA values not only does lnW become linear in
lnT over an exceptionally wide T range (from ambient to liquid helium temperatures), but
m also collapses to a value close to ½. The form  = 0 exp (T0/T)1/2 is thus robustly adhered
to, specifically in the TA region where structural and chemical characterization reveal the
onset of the bulk pyrrhotite minority phase. In light of: (a) our prior work demonstrating
how readily conductive nanoclusters can induce such hopping conduction in pyrite thin
films, [18] (b) the simultaneity of the observation of  = 0 exp (T0/T)1/2 with the onset of
a pyrrhotite bulk minority phase, and (c) the known conductive nature of
pyrrhotite,[71,118] we conclude that hopping associated with conductive pyrrhotite
nanoregions in a more insulating matrix of FeS2 is active. Careful annealing time studies
at TA = 350 C corroborate this picture. As shown in Figure 4.7, for example, anneals for
1, 24, and 72 hrs reveal the monotonic growth of a small but detectable Fe1-S minority
phase. This consistently results in electronic transport with m  ½, extracted values at these
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annealing times being 0.49, 0.48 and 0.49, with impressively close adherence to  = 0 exp
(T0/T)m, over the entire measured T range (Figure 4.8). At 350 and 400 C five separate
samples (in Figures 4.6 and 4.8) thus result in m values of 0.49, 0.61, 0.49, 0.48 and 0.49,
which we take as strong evidence of m = ½. This conclusion comes from (T) data sets
with >2000 points, spanning more than an order of magnitude in T (300 to < 20 K) and
four decades of resistivity.

Figure 4.7 (a) Wide-angle X-ray diffraction patterns from Al2O3(0001)/FeS2 films vacuum
annealed at a temperature (TA) of 350 C for times (t) of 1, 24, and 72 hours. At the bottom of the
figure the green (magenta) lines show the expected pyrite FeS2 (pyrrhotite Fe7S8) powder diffraction
patterns (see Figure 4.2). The magenta asterisks indicate the reflections from the pyrrhotite impurity
phase, which clearly grows with increasing t. (b) Corresponding Raman spectra of these annealed
films. At the bottom of the figure the green dashed lines indicate the 344, 380, and 430 cm-1 Raman
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peaks expected from pyrite (see Figure 4.4). The curves in panels (a) and (b) are offset by ~ 2 arb.
units for clarity. Between the two panels, the S/Fe ratio extracted from EDS is shown for each film.

Figure 4.8 (a) Temperature (T) dependence of the resistivity (ρ) of FeS2 films annealed at TA = 350
C for times (t) of 1, 24, and 72 hours (see Figure S4). The data are plotted on a log-linear scale.
(b) Plots of lnW vs. lnT for the same films, where W = -dlnρ/dlnT. All curves have been vertically
displaced for clarity. Free fitting of m is shown for each film, where m is the exponent in  = 0
exp (T0/T)m. Note the close adherence to m = ½ in each case, over a broad T range.

136

It is important to emphasize that comparison of Figures 4.1 and 4.5 implies,
unsurprisingly, that the reduction of FeS2 initiates at the surface, and it is thus logical that
the significant volume fraction of Fe1-S that emerges around TA  350-400 C does so in
localized regions at the surfaces and grain boundaries of the FeS2 crystallites. This overall
picture is clearly related to the hopping induced by nanoscale unreacted Fe clusters due to
inadequate sulfidation in Chapter 3, but in this case is due to nanoscopic Fe1-S clusters
forming upon reduction of FeS2, likely at the grain interfaces/surface. Even further
evidence for these conclusions will be provided below, from magnetic and
magnetotransport measurements.
As a final comment on the data shown in Figure 4.6(b), note that, as expected from
Figure 4.6(a), the Zabrodskii plots at TA  425 C show lnW decreasing on cooling (Figure
4.6(b)), indicative of metallic transport. Consistent with this, plots of low temperature
conductivity vs. T suggest finite conductivity as T  0 for 425 and 450 C, implying
metallic behavior; at 550 C the behavior is close to the metal-insulator transition. This
overall behavior reflects the emergence of the conductive Fe1-S pyrrhotite majority phase
(Figures 4.1 and 4.5) with increasing TA, as shown in Figure 4.9. In Figure 4.10 we in fact
provide an example of a film that was vacuum annealed under slightly different conditions,
resulting in a sufficiently conductive pyrrhotite majority phase that positive d/dT is
maintained over a wide T range. This is consistent with the metallic character of
pyrrhotite.[71,118]
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Figure 4.9 The evolution of Fe1-S pyrrhotite phase, film stoichiometry and corresponding
electronic transport as a function of vacuum annealing temperature.

Figure 4.10 (a) Wide-angle X-ray diffraction pattern from an Al2O3(0001)/FeS2 film after a 1 hr
550 C anneal in an evacuated sealed quartz ampoule in a box furnace. This differs from the
annealing process employed in the rest of this work (which was performed in a high vacuum
annealer), in terms of the exact temperature-time profile, vacuum environment, etc. The result is a
somewhat higher S/Fe ratio and a distinctly mixed phase film. At the bottom of the figure the green
(magenta) lines show the pyrite FeS2 (pyrrhotite Fe7S8) expected diffraction patterns. The green
asterisks mark the minority pyrite phase in the pyrrhotite majority phase. The S to Fe ratio from
EDS is labeled. (b) Film resistivity (ρ) vs. temperature (T), showing, for this particular vacuum
annealing treatment, metallic-like d/dT behavior. The resistivity is in the mcm range, consistent
with other pyrrhotite-rich films in Figure 4.6.
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Further insight is obtained from measurements of the Hall effect, which are shown in
Figure 4.11(a) for an unannealed sample as well as representative TA values of 250, 350,
and 550 C. The data are presented as Hall resistivity, xy (zero field background
subtracted) vs. applied magnetic field, H, at 290 K. Again consistent with our prior work
in Chapter 3, the unannealed FeS2 film exhibits a robust, field-linear Hall signal, the slope
of xy(H) being electron-like (negative). Given that we have clearly demonstrated that
hopping transport does not occur in this T range in such unannealed samples, this can be
definitively ascribed to n-type conduction. Following the simplest analysis results in n =
5.7  1020 cm-3, and  = 0.03 cm2V-1s-1 at 290 K. The dopant responsible for the n-type
conduction in our case, and the heavy doping level (which is common in pyrite films),
remains to be clarified, and is a major open issue in the field, as discussed in Section
1.2.2.1. At TA = 250 C the Hall coefficient (RH = xy / 0H) is significantly decreased in
magnitude, however, and, at 350 C, it in fact changes sign to hole-like. This small positive
RH is then maintained as TA is increased to 550 C. Vitally, the sign reversal in RH is
coincident not with the conversion to a pyrrhotite majority phase and the associated metalinsulator transition (TA  425 C (Figures 4.1 and 4.6)), but with the first onset of a bulk
pyrrhotite minority phase and the associated crossover to hopping (TA  350 C, Figure
4.6(b)). This is therefore clearly the sign-reversal (and suppression) of RH due to the onset
of hopping conduction,[18,76–78] as discussed in Chapter 3; it occurs well before the
coalescence and percolation of pyrrhotite into a majority phase. That RH remains positive
and relatively small as TA is further increased, and pyrrhotite begins to dominate, consistent
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Figure 4.11 Magnetic field (H) dependence of (a) the zero-field background subtracted Hall
resistivity (ρxy) at 290 K and (b) the magnetoresistance (MR) at 20 K for Al2O3(0001)/FeS2 films
annealed at 250, 350 and 550 °C. H is applied perpendicular to the plane in all cases, and an
unannealed film is shown for comparison. (c) 200 K magnetization hysteresis loops of similar FeS2
films annealed at 425, 450 and 550 °C. Again, an unannealed film is shown for comparison.
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with the established high p-type carrier densities at room temperature in pyrrhotite single
crystals.[118] In our case we obtain p = 6.5  1021 cm-3, and  = 0.25 cm2V-1s-1 when
pyrrhotite dominates, again using the simplest model that assumes one dominant carrier
type.
The crossover to hopping transport at TA  350 C (Figure 4.6(b)) that is so clearly
reflected in the Hall effect (Figure 4.11(a)) is also evident from magnetoresistance (MR)
data. Specifically, as shown in Figure 4.11(b) the MR ([((H) - (0)) / (0)]  100 %) in
unannealed and 250 C films is positive and approximately parabolic at a cryogenic
temperature of 20 K, amounting to 1 %. These data are taken with H perpendicular to the
film plane (and therefore the current), and the positive quadratic MR thus adheres well to
expectations for diffusive/band transport in a non-magnetic semiconductor. At TA = 350
C, however, this simple positive MR is replaced with more complex non-monotonic
behavior, a negative contribution emerging at the highest H. This is exactly as seen with
decreasing sulfidation temperature in our prior work in Chapter 3, and interpreted in terms
of magnetism in the conductive nanoclusters (Fe-rich in that case) that induce hopping
conduction. In the current case pyrrhotite Fe1-S is also magnetically ordered,[71] and thus
this explanation remains relevant.
To further probe the possibility of non-trivial magnetism due to the reduction of FeS2,
magnetization hysteresis loops (M(H)) were recorded at 200 K at various important TA
values, as shown in Figure 4.11(c). The diverse magnetic behaviors of the various
constituents of the Fe-S phase diagram render such measurements sensitive to the phases
present, potentially even more so than the data of Figure 4.1. Specifically, FeS2 is a zero141

spin diamagnet[18,71] and Fe is obviously a long-range ordered ferromagnet with a high
Curie temperature, while the magnetic ground states of the intermediate Fe sulfides are
non-trivial. Briefly, troilite FeS is an antiferromagnet with a Néel temperature near 590
K,[71] whereas pyrrhotite Fe1-S is ferrimagnetic,[71] with magnetization and ordering
temperature strongly dependent on .[120] At the Fe7S8 composition, for instance, a
ferrimagnet with an ordering temperature of 580 K has been reported.[71] Examining the
200 K data in Figure 4.11(c) we first find in the unannealed phase-pure FeS2 film negligible
magnetization, consistent with the expectation of diamagnetic response from phase-pure
pyrite. As TA is increased the situation is unchanged (data not shown) until 425 C. At this
point clear saturation magnetization turns on (at about 0.025 B/Fe), with a ferromagneticlike M(H), increasing to 0.1 B/Fe at TA = 450 C. This is consistent with Figures 4.1 and
4.5, the magnetization being ascribed to the growing volume fraction of ferrimagnetic
pyrrhotite. This is a strong indication that the specific Fe1-S phase in this TA region is close
to Fe7S8, a suspicion that is backed up by the measurement of a magnetic ordering
temperature well above 300 K (Figure 4.12), consistent with the known properties of this
phase. Interestingly, as TA is increased further, to 550 C, the magnetization drops again,
falling to negligible levels. One possible interpretation (consistent with the S/Fe ratio from
EDS (Figure 4.1)) is that the  in Fe1-S decreases with TA, reaching   0 at 550 C, i.e. a
transformation from ferrimagnetic pyrrhotite Fe7S8 towards antiferromagnetic troilite
FeS.[120]
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Figure 4.12 Temperature (T) dependence of the magnetization (M) for a film annealed in vacuum
at 450 C for 1 hr (the same sample as shown in Figure 4(c)). The data were measured in a magnetic
field (H) of 100 Oe after both zero ﬁeld cooling (ZFC) and 100 Oe ﬁeld cooling (FC). The field
cooled M(T) curve is notably flat, and the bifurcation of ZFC and FC curves occurs only at 300 K,
i.e. exactly coincident with the maximum measurement temperature. This indicates that the
magnetic ordering temperature significantly exceeds room temperature. This is consistent with the
assignment of these magnetic properties as arising from ferrimagnetic pyrrhotite Fe 1-S. The
accepted value for the magnetic ordering temperature of Fe7S8, for example, is 580 K.

4.4

Discussion

The left panel of Figure 4.13 provides a summary of the main findings of the work in
this chapter. Specifically, Figure 4.13(a)-(f) show the TA dependence of the key quantities
extracted

from

the

structural/chemical

characterization

and

transport/magnetic

measurements, depicting unannealed films simply at TA = 0. The panels (a) through (f) plot,
respectively, the EDS S/Fe ratio (with the dominant chemical phase labeled above the
panel), the resistivity () at 20 and 300 K, the limiting low T value of the exponent m in 
= 0 exp (T0/T)m, the magnitude of the Hall coefficient, RH (with the sign indicated), the 90
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kOe magnetoresistance (MR) value, and the saturation magnetization (MS) at 200 K. The
crossover in primary phase between pyrite FeS2 and pyrrhotite Fe1-S between 400 and 425
C is marked by the vertical orange dotted line.
While the overall transformation in majority phase at around 400 C is abundantly clear
from Figure 4.13(a), a number of other features warrant further discussion and reiteration.
The first is the diffusive to hopping transport crossover that takes place prior to the pyrite
to pyrrhotite majority phase transformation, i.e. to the left of the dashed vertical line. This
crossover is most clearly reflected in the decrease in m in Figure 4.13(c) to m  0.5, but is
also reflected more subtly in the resistivity data shown in Figure 4.13(b), as the upturn in
the low T value. This is of course a consequence of the changes in 0, T0, and m that take
place in  = 0 exp (T0/T)m at the crossover point, i.e. the entry to the hopping regime
associated with the pyrrhotite nanocluster minority phase. As already mentioned, the
evidence for m = ½ in the 350-400 C range is strong, the increase at lower TA being due
to the crossover towards m = 1. As discussed in Chapter 3, this hopping transport also leads
to suppression of the magnitude of RH, in addition to a sign change from negative to
positive (Figure 4.13(d)). We reiterate that this reflects the unambiguously n-type
conduction in the unannealed films, crossing over at TA  350 C to a regime where the
sign of RH is inverted, not due to some unexplained n to p crossover, but to the failure of
the Hall effect to accurately reflect the true sign of the charge carriers (Chapter 3). The rise
in RH on further increasing TA and crossing the vertical dashed line in Figure 4.13(d) is then
due to the onset of the majority pyrrhotite phase, a hole conductor.[71,118] The MR data
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Figure 4.13 Annealing temperature (TA) dependence of (a) the S to Fe ratio from energy dispersive
spectroscopy, (b) the 20 K and 300 K resistivity, ρ, (c) m, the exponent in ρ = ρ0 exp (T0/T)m, (d)
the magnitude of the 290 K Hall coefficient, RH, (e) the 20 K magnetoresistance at 90 kOe, and (f)
the 200 K saturation magnetization, MS. Note that TA = 0 indicates “unannealed”. In panel (c), the
horizontal dashed lines mark m = 0.5 and 1. In panel (d), the ±symbols indicate the sign of the Hall
coefficient, and the arrow represents an upper bound. The vertical orange line indicates the point
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at which the majority phase converts from pyrite FeS2 to pyrrhotite Fe1-δS. The same parameters,
ρ, m, RH, MR(90 kOe), and MS, are plotted as a function of the S/Fe ratio in panels (g), (h), (i), (j),
and (k).

of Figure 4.13(e) are consistent, the small positive MR expected from a non-magnetic
semiconductor such as FeS2 in the diffusive transport regime being replaced with more
complex (Figure 4.11(b)) MR in the hopping regime, even dipping to net negative values
in the crossover region (Figure 4.13(e)). This is ascribed to magnetism in the pyrrhotite
nanoclusters that induce the hopping transport. Finally, as shown in Figure 4.13(f), the
magnetic behavior from Figure 4.11(c) can be summarized by the TA dependence of the
200 K MS. This reveals the rapid increase in MS associated with the ferrimagnetic Fe7S8
pyrrhotite phase, followed by the aforementioned decrease, potentially due to
antiferromagnetic troilite FeS.
Additional insight is obtained by replotting the data of Figure 4.13(b) through Figure
4.13(f) as a function not of TA, but rather of the EDS S/Fe ratio (from Figure 4.13(a)). The
result is shown in Figure 4.13(g)-(k), i.e. the right panel of Figure 4.13. The most obvious
result of this method of presenting the data is clearly the striking clustering of the data
points at S/Fe  1 and S/Fe  2, underscoring the abrupt nature of the conversion from
pyrite to pyrrhotite majority phases with increasing TA. Discussing panels (g) through (k)
in sequence, Figure 4.13(g) first reflects the large decrease in resistivity that occurs across
the MIT, when pyrite FeS2 is reduced to pyrrhotite FeS. Figure 4.13(h), on the other hand,
the gradual reduction in the exponent m from 1.0 to 0.5 can be clearly seen, signaling
the diffusive to hopping crossover. This is also reflected in Figure 4.13(i), where, with
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decreasing S/Fe ratio, a large decrease in the magnitude of RH and a sign reversal from
negative to positive are seen, followed by a jump to S/Fe  1 and p-type behavior due to
majority pyrrhotite. A closely related trend is seen in the MR (Figure 4.13(j)). Finally, in
Figure 4.13(k) we find MS  0 when S/Fe  2 (diamagnetic pyrite), growing to MS = 0.1
B/Fe with reducing S/Fe ratio (due to ferrimagnetic pyrrhotite), ultimately returning to MS
 0 due to the hypothesized conversion towards troilite FeS.

4.5 Conclusions
In summary, a comprehensive study of the evolution in phase stability, stoichiometry,
and their impact on electronic transport has been provided in initially phase-pure pyrite
FeS2 films subject to vacuum annealing at increasing temperatures. Bulk and surface
structural and chemical characterization, on both polycrystalline films and 001-oriented
crystals, reveals formation of a pyrrhotite Fe1-S minority phase at temperatures as low as
160 C (likely confined to the surface), followed by clearer growth at 400 C, and then
rapid transformation to a Fe1-S majority phase by 425 C. This induces a sequence of
changes in the electronic transport, first from a diffusive to hopping transport, and then
from strongly semiconducting to metallic. The first of these is driven by hopping in the
presence of nanoscale conductive clusters of Fe1-S, the second by an MIT due to the
majority phase Fe1-S. The crossover from diffusive to hopping transport leads to a large
decrease in magnitude, and sign reversal, in the Hall coefficient, underscoring the need to
properly understand the conduction mechanism in order to determine the sign of the
dominant charge carriers in pyrite films. Careful analysis of additional data, such as
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magnetoresistance and magnetization, provide equally detailed information on the
sequence of phase transformations that occur upon reduction.
These data and conclusions significantly clarify important issues regarding phase
stability, phase purity, secondary phase formation, stoichiometry, doping, and transport in
pyrite. First and foremost, while minority phase formation is clearly an important issue in
FeS2 films (particularly at the nanoscale), phase-pure pyrite films are certainly possible,
within the detection limits of the techniques applied. At least with respect to ferromagnetic
impurities, magnetometry measurements, here and in Chapter 3, place quite stringent limits
on secondary phase fractions. We estimate them to lie at < 0.1 vol. % for the sulfidation
temperatures used here (600 C). Ex situ sulfidation is apparently capable of this, although
the resulting high densities of uncontrolled dopants, and associated low mobilities, must
be mitigated in future work. Based on the results in this paper, post-synthesis annealing (at
least in the absence of significant S vapor pressure) is not promising for this defect
mitigation. Thermal treatment under reducing conditions in fact leads not to some window
where S vacancy concentration can be controlled in FeS2- (at least at these high carrier
densities; further work with low electron density crystals is worthwhile), but rather to the
facile formation of pyrrhotite Fe1-S minority phases. These occur first at the surface,
followed by the grain boundaries, and eventually through the bulk. The detected sequence
of phases with vacuum annealing is concluded to be FeS2 (pyrite), Fe7S8 (pyrrhotite), and
then FeS (troilite). No marcasite FeS2 or greigite Fe3S4 were detected, within the limits of
the techniques used. In terms of additional impact on electronic transport, the findings in
this work inform future FeS2-based solar cell device development in two specific ways:
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significant attention must be paid to mitigating local S/Fe variations in order to obtain
diffusive band transport, and clear evidence of such should be obtained in order to reliably
determine the majority carrier type.

4.6 Sulfur annealing experiments
The results of FeS2 thin films subject to vacuum annealing, i.e. controlled reduction,
were elaborated in Sections 4.1 – 4.5. In this section, the results of FeS2 thin films after
sulfur annealing (Section 2.1.4) will be briefly discussed. The goal here was to increase the
S content. Figure 4.14 shows the results of the sulfur anneal experiments, which can be
seen from the SEM images of an as-synthesized FeS2 thin film with no sulfur anneal and
some FeS2 thin films after annealing at 600 C for 3 days with 100 mg of S, 600 C for 3
days with 10 mg of S, and 600 C for 1 day with 10 mg of S, all in sealed quartz ampoules.
Unfortunately, the results indicate that the films all became discontinuous, with large
crystalline grains formed after post sulfur annealing. Direct sulfidation with longer time or
higher sulfur vapor pressure was also conducted. Figure 4.15 shows the SEM images of
FeS2 thin films synthesized by ex situ sulfidation (Section 2.1.3) at 600 C for 7 days with
1 mg of S, 600 C for 1 day with 10 mg of S, 600 C for 8 hours with 100 mg of S, and
600 C for 8 hours with 10 mg of S. The results again indicate discontinuous films with
large crystalline grains, consistent with the results from sulfur annealing experiments.
Here, these results may be caused by significant grain growth under higher sulfur pressure,
or too long sulfidation time, but the exact reason(s) are not completely clear to us at this
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stage. In any case, S annealing to attempt to deliberately increase the S/Fe ratio was not
possible for these reasons. It may be possible with bulk single crystals, a possibility that is
being pursued in the group.

Figure 4.14 SEM images of (a) an as-synthesized FeS2 thin film with no sulfur anneal and FeS2
thin films after annealing at (b) 600 C for 3 days with 100 mg of S in a sealed quartz ampoule, (c)
600 C for 3 days with 10 mg of S in a sealed quartz ampoule, and (d) 600 C for 1 day with 10 mg
of S in a sealed quartz ampoule.
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Figure 4.15 SEM images of (a) FeS2 thin films synthesized by ex situ sulfidation at (a) 600 C for
7 days with 1 mg of S in a sealed quartz ampoule, (b) 600 C for 1 day with 10 mg of S in a sealed
quartz ampoule, (c) 600 C for 8 hours with 100 mg of S in a sealed quartz ampoule, and (d) 600
C for 8 hours with 10 mg of S in a sealed quartz ampoule.
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Chapter 5: Potential resolution to the doping puzzle in
iron pyrite: Determination of the carrier type from Hall
effect and thermopower measurements

As discussed in Section 1.2.2.1, it is now widely accepted that FeS2 thin films are
believed to be p-type, while single crystals predominantly show n-type conduction. We
refer to this discrepancy between single crystals and thin films as the “doping puzzle”. In this

chapter, using a combination of Hall effect and thermopower measurements on a large set
of FeS2 thin films and single crystals we show that the widely accepted predominant p-type
behavior in pyrite films may, in fact, be an artifact of hopping conduction. Specifically,
careful characterization with Hall effect and thermopower measurements reveal that thin
films with high mobility (> 1 cm2V-1s-1) definitely show n-type conduction, just like single
crystals. This finding implies that the intrinsic dopants are likely the same in thin films and
single crystals, probably being sulfur vacancies. We find that films with lower mobility
(410-3-1 cm2V-1s-1) also show n-type Hall effect but exhibit a p-type Seebeck coefficient,
leading to a discrepancy in the measured carrier type. Both Hall and Seebeck coefficients
are strongly suppressed and invert in the lowest mobility thin films (< 410-3 cm2V-1s-1)
indicating apparent p-type conduction. Suppression and inversion in sign of the Hall effect
and Seebeck coefficient is attributed to emergence of hopping transport in FeS2 thin films.
Our results provide a potential resolution to the “doping puzzle”, and underscore the
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importance of temperature-dependent transport measurements for properly interpreting the
signs of Hall and thermopower measurements on FeS2 thin films.

5.1

Literature summary

Hall effect and thermopower measurements are the two methods used to determine the
carrier type in FeS2 thin films and single crystals. Indeed, the sign of the measured Hall or
Seebeck coefficient can reveal the type of carrier in a semiconductor, if the electronic
transport is diffusive. Figure 5 summarizes the results from studies to date on determining
the carrier type in pyrite FeS2 using Hall effect and thermopower measurements.
Specifically, Figures 5.1(a) and (b) show the room-temperature Hall coefficient (RH) and
Seebeck coefficient (S), respectively, as a function of the carrier mobility (µ) for various
forms of FeS2, as obtained from the literature.[19,38,45–47,52,121] The FeS2 used in these
studies were thin films, synthetic single crystals, natural single crystals, or nanostructures,
such as nanowires and nanobelts. The mobility values in this literature summary are
primarily from Hall effect measurements,[45–47,52,121] except for the nanowires and
nanobelts structures, which are based on field effect measurements.[19,38] The doping
puzzle in pyrite FeS2 is immediately obvious from the dramatic scatter in the carrier type
in Figures 5.1(a) and (b). The carrier types were determined either by Hall effect or
thermopower, or both. Positive (hole-like) and negative (electron-like) RH and S have been
reported in both thin film and single crystal pyrite FeS2. FeS2 synthetic single crystals (open
diamonds) have the highest purity and crystallinity and, thus, the highest mobilities (> 10
cm2V-1s-1). Figures 5.1(a) and (b) show that both RH and S for these synthetic crystals are
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Figure 5.1 The room-temperature Hall coefficient (RH) (a) and Seebeck coefficient (S) (b) are
plotted vs. the carrier mobility (µ) for various forms of FeS2, as obtained from the literature.
[19,38,45–47,52,121] The red/blue symbols indicate the apparent carrier type (hole/electron-like)
based on the sign of RH and S. Data are shown for thin films, synthetic single crystals, natural single
crystals, and nanowire/nanobelt structures. Note that the shown µ values are from Hall effect
measurements, except for the nanowire/nanobelt structures which are based on field effect
measurements.

predominantly electron-like (i.e. negative). Although temperature dependent transport
measurements were not conducted for most of these synthetic crystals, diffusive transport
at room temperature can be safely assumed because the mobilities are so high. Hopping
transport usually emerges at much lower mobilities (< 1 cm2V-1s-1).[75] We can safely
conclude that electron-like RH and S reveal n-type conduction in these synthetic crystals.
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A few synthetic crystals with 1 < µ < 10 cm2V-1s-1 show hole-like RH but electron-like S
even in the same crystal. Diffusive transport may still be safely assumed if the reported
mobilities for these synthetic crystals are accurate, leading one to conclude from the sign
of RH that the majority carriers are holes and the crystal is p-type. However, the cause(s)
for the p-type doping and the disagreement between RH and S in these few synthetic crystals
are unclear. Nevertheless, n-type conduction is predominant in synthetic FeS2 single
crystals. On the other hand, both electron-like and hole-like RH were reported in natural
FeS2 single crystals with high mobilities. There are examples of natural crystals with high
mobilities at around 100 cm2V-1s-1 showing either n-type or p-type conduction. Thus, both
n-type and p-type natural single crystals exist, likely due to different types of uncontrolled
impurities. To our knowledge, there are no reports of Seebeck coefficients for natural
crystals. The conclusion that FeS2 single crystals are predominantly n-type is thus primarily
based on measurements with synthetic single crystals.
Although most RH and S reported for FeS2 thin films and nanostructures are hole-like,
(one sample was reported with an electron-like RH but a hole-like S) there are only a few
data points, as shown in Figures 5.1(a) and (b). These few data points seem insufficient to
conclude that most FeS2 thin films are p-type. There are only a few data points because the
Hall effect in FeS2 thin films is usually quite weak (RH < 0.1 cm3C-1) and therefore Hall
effect measurements are quite difficult to conduct.[23,34,47,52,122] Accurate
measurements on FeS2 thin films with weak Hall effect (RH < 0.1 cm3C-1) requires lownoise Hall voltage measurements (noise level < 10 µV), large magnetic fields (e.g. a 9 T
superconducting magnet), excellent temperature stability (ΔT < 0.01 K) and good Ohmic
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contacts (linear I-V characteristics). Moreover, currents must be high enough to achieve
good signal-to-noise ratio while avoiding Joule heating. A typical Hall effect set up (<3 T)
used for studying semiconductors with low doping levels is not capable of determining the
small RH values encountered in FeS2 thin films. In fact, one can even get the sign of RH
wrong. The few FeS2 thin films where Hall coefficients and mobilities have been reported
all have relatively high RH (> 0.1 cm3C-1) and µ(> 1 cm2V-1s-1) which makes the Hall effect
measurements easier. The nanostructures in Figure 5.1 with much lower RH and µ values
were actually determined from field effect measurements,[19,38] and not from the Hall
effect. We calculate the RH for these nanostructures based on the carrier concentrations
reported by the authors, who determined them from the field effect measurements. An
important aspect that needs to be stressed here is that these few FeS2 thin films are far from
common. For instance, the FeS2 thin films with µ around 200 cm2V-1s-1[45] have never
been reproduced.
Because of the difficulties discussed above, Hall effect measurements were often not
used to determine the carrier type in FeS2 thin films. Instead, most researchers relied on
thermopower measurements to determine the sign of the charge carriers. In fact,
“qualitative thermopower” measurements were preferred, where only the sign of the
Seebeck coefficient is measured. These are otherwise known as “hot-point probe”
measurements, and are commonly used to determine the sign of charge carriers in FeS2 thin
films. Table 5.1 summarizes studies to date of the carrier type in FeS 2 single crystals and
thin films using Hall effect and thermopower measurements (“hot-point probe” and
quantitative). For each study, Table 5.1 lists (when the information is reported) the thin
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film or single crystal synthesis approach, room temperature resistivity (), room
temperature Seebeck coefficient (S), carrier type from thermopower, carrier type from Hall
effect measurements, and Hall mobility (H). Three single crystals, whose RH and S are
also plotted in Figure 5.1, are included in the table for comparison. Four of the thin films
listed in Table 5.1 were reported to exhibit hole-like conduction based on Hall effect
measurements; these films are also included in Figure 5.1. These four films were reported
to have relatively high mobility (> 1 cm2V-1s-1), which suggests that the transport
mechanism is diffusive. Thus, one may reasonably conclude that these four films are ptype. Thermopower measurements indicate that all other thin films exhibit hole-like
conduction as well. Based on these thermopower measurements together with the four
films that showed p-type majority carriers using Hall effect it is tempting to conclude that
most FeS2 thin films are p-type. However, as we will show later, the films where the carrier
type was determined only from thermopower measurements could well have been n-type.
Most of the authors who used only thermopower measurements explicitly mentioned that
the reason(s) they could not report results from Hall effect measurements was because the
Hall signal was below their detection capability and the mobility was too
low.[23,34,47,52,122] Even when authors do not explicitly comment on this difficulty, it
is likely that the absence of Hall effect measurements was due to small Hall voltage. As
introduced in Sections 1.2.2.3 and 2.4.2, and further discussed in Chapters 3 and 4, a
significantly suppressed Hall effect and small mobility can be easily due to hopping
transport. Unfortunately, most of the films tested with thermopower were not studied in
detail using temperature dependent transport measurements to determine if the conduction
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70-80
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h+-like
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1

CVD
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1
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Ares et al.[123]
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Ferrer et al.[52]

Not measured

Ares et al.[124]
Soukup et
al.[48]
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h+-like
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Not
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h+-like
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Bi et al. [24]
Yamamoto et
al. [45]

h+-like
h+-like
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Bausch et
al.[125]
Smestad et
al.[126]
Seefeld et
al.[34]

0.446
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Not
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0.3

90

h+-like
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detection
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detection

Lichtenberger et
al.[47]

0.003

10

h+-like

h+-like

25

Lichtenberger et
al.[47]

0.25

Not
measured

h+-like

5

50
Not
measured

h+-like

h+-like

0.001-1

55
Not
measured

h+-like

h+-like
Not
measured
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detection
Beneath
detection
Not
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CVT

142

11

e--like

h+-like

5.3

CVT

2.1

320

e--like

e--like

172

CVT

2.8

230

e--like

e--like

113

h+-like

Not measured
Beneath
detection
Beneath
detection
Not measured

Willeke et
al.[46]
Thomas et
al.[127]
Berry et al.[23]
Oertel et
al.[122]
Chatzitheodoro
u et al.[128]
Willeke et
al.[121]
Willeke et
al.[121]
Willeke et
al.[121]

Table 5.1 The room temperature resistivity (), room temperature Seebeck coefficient (S), carrier
type from thermopower, carrier type from Hall, and Hall mobility (H) are shown for both films
(yellow) and synthetic crystals (green). In each case the synthesis method and citation are shown.
CVD and CVT are chemical vapor deposition and chemical vapor transport. When a thermopower
carrier type is listed, but with no corresponding S value, the information results from “qualitative
thermopower” or “hot point probe” measurements (as described in the text), where only the sign of
S is recorded. Note the apparent evidence, from thermopower, for p-type films and n-type crystals.
The cases where carrier types are available from both thermopower (quantitative or qualitative)
and Hall, are highlighted in color; purple indicates consistency, orange inconsistency.
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mechanism

was

hopping.

A

few

of

them

showed

non-diffusive

transport

mechanisms.[23,34,47] Consequently, whether thermopower measurements could
correctly identify the majority carrier type in these films remains in doubt. It appears from
Table 5.1 that the primary evidence for widely occurring p-type conduction in FeS2 thin
films is qualitative thermopower, or “hot-point probe” measurements. This evidence is not
compelling.
In this chapter we revisit and reexamine the conclusion that undoped FeS2 films are
predominantly p-type and provide an explanation for this “doping puzzle” in pyrite FeS 2.
Using a combination of Hall effect, thermopower, and temperature-dependent resistivity
measurements (see Section 2.4 for experimental details) on more than a hundred FeS2
single crystals and thin films, we show that thin films with reasonable Hall mobility (> 0.01
cm2V-1s-1) in fact show n-type behavior, just like single crystals. This finding suggests that
the intrinsic dopants are very likely to be the same for both FeS2 thin films and single
crystals. In addition, we show that, as the Hall mobility decreases to very low values (<
0.01 cm2V-1s-1), both Hall effect and Seebeck coeffecients are suppressed and become
susceptible to sign inversion caused by hopping transport. This inversion in turn leads to
incorrect conclusions on the sign of the majority carriers in thin FeS2 films. Essentially,
these results provide a potential resolution to the “doping puzzle” in FeS2, and underscore
the importance of conducting temperature-dependent transport measurements to properly
interpret the sign from Hall and thermopower measurements on FeS2 thin films,
particularly when the mobilities are low.
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5.2

The doping puzzle revisited

The thin FeS2 films were synthesized on a variety of substrates via ex situ sulfidation
of Fe films (see Section 2.1), while the single crystals were grown via the chemical vapor
transport (CVT) method (see Section 2.2). More than one hundred thin films and single
crystals were synthesized and characterized using a suite of structural and chemical
characterization methods (see Section 2.3). Figure 5.2 shows representative
characterization data from FeS2 thin films synthesized by sulfidizing Fe films at 600 oC.
Specifically, Figure 5.2(a) shows the wide-angle X-ray diffraction (XRD) pattern and the
lattice parameter extracted from this pattern (see Section 2.3.1.2). The XRD pattern is
consistent with the reference powder diffraction pattern from pyrite FeS2, indicating that
the film is nominally phase-pure. However, the lattice parameter is expanded by 0.5 %
with respect to bulk. Variation in lattice parameter has been reported in FeS2 thin films
synthesized using various deposition methods, [15,103] and could be related to the
existence of point defects,[15] or strain in the films. Figure 5.2(b) shows the Raman
spectrum (see Section 2.3.3) from a representative FeS2 film; all Raman scattering peaks
observed in this spectrum are also consistent with phase-pure pyrite FeS2. Figure 5.2(c)
shows the energy dispersive spectrum (EDS, see Section 2.3.2.2) from a representative
FeS2 film. Quantitative analysis of this spectrum reveals that the film is slightly S deficient.
Figure 5.2(d) shows the spatial variation (depth profile) of the elemental composition in a
representative FeS2 film, measured using Auger electron spectroscopy (see Section
2.3.2.3). The composition depth profile shows that the Fe:S ratio is uniform throughout the
film thickness. Figure 5.2(e) shows no detectable magnetization from this representative
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FeS2 film from SQUID measurements (see Section 2.5), consistent with the diamagnetic
oroperties of pyrite FeS2. Figure 5.2(f) shows the optical absorption coefficient (see Section
2.6) as a function of the photon energy between 0.6 and 3.0 eV. The magnitude of the
absorption coefficient and its variation with photon energy is consistent with previous
measurements and calculations;[2] the absorption coefficient is greater than 105 cm-1 in
bulk FeS2 at photon energies higher than 1.2 eV. Figure 5.2(g) and Figure 5.2(h) show the
plan-view and tilt-view secondary electron micrographs (SEMs) of representative FeS2
films (see Section 2.3.2.1), illustrating the surface morphology and revealing the cross
section of the films. Figure 5.3 shows characterization data from a representative FeS2
single crystal grown (Figure 5.3(a)) by CVT. Specifically, Figure 5.3 (b)-(d) show,
respectively, the powder X-ray diffraction pattern, Raman and EDS spectra from a
representative FeS2 single crystal (the single crystal was ground for XRD). Both Figures
Figure 5.3(b) and Figure 5.3(c) show that the crystal is nominally phase-pure, while Figure
5.3(d) shows that the crystal is stoichiometric.
By following the aforementioned stringent experimental requirements for weak Hall
voltage measurements, including high magnetic field, stable temperature during
measurements, optimized electrical excitation, and good contacts, we were able to measure
a Hall coefficient as low as 10-4 cm3C-1. The Hall coefficient (RH), Hall mobility (µH) and
Seebeck coefficient (S) of these single crystals and thin films spanned a remarkably wide
range, with seven orders of magnitude change in RH, five orders of magnitude change in
µH and two orders of magnitude change in S. Figure 5.4(a) and (b), show the roomtemperature RH and S as a function of µH for 40 polycrystalline thin films and 20 single
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crystals synthesized in the current study. The number of FeS2 samples in this study,
especially the number of thin films, is much larger than previous work and data available
in the literature (as shown in Figure 5.1). The doping levels and mobility of all the films
shown in Figure 5.4 vary over a wide range though the specific reason(s) (i.e., the specific
dopants and their concentrations that may be responsible for these variations) for such
dramatic changes in are still not entirely clear. Nevertheless, we have gained several
insights from analysis of metal impurities in select films using TOF-SIMS; these will be
discussed in the next chapter. The Hall coefficients and mobilities in single crystals are
between 3 and 220 cm3C-1 and between 80 and 170 cm2V-1s-1, respectively. These values
are comparable to other reports[121] on synthetic single crystals and fall in an expected
and relatively narrow range. We attribute the crystal-to-crystal variation to frequently
observed variations in unintentional doping at ppm levels (see Section 1.2.2.1). On the
other hand, thin films with different Fe deposition approaches on various substrates reveal
a wide-range span in µH. We did not notice an obvious correlation of this variation with
substrate choice, Fe deposition approaches, Fe source purity, and Fe growth pressure. To
reveal the potential dopants in the films, we conducted a detailed study of the impurities in
select films via TOF-SIMS (see Section 2.3.4); these results will be discussed in the next
chapter. In this chapter, we focus on understanding and explaining the trends in Figure 5.4,
and especially the discrepancies in the sign of the majority carriers in some films as
revealed by Hall effect and thermopower measurements. Even without definitive
identification of the unintentional dopant(s), analysis of Figure 5.4 significantly advances
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our understanding of doping in pyrite FeS2 and provides a potential resolution to the
“doping puzzle”.

Figure 5.2 (a) Wide-angle X-ray diffraction from a representative FeS2 film, with the lattice
constant (a) extracted. The pattern at the bottom of the figure (black solid lines) indicates the
standard powder diffraction pattern (PDF# 00-042-1340). (b) Raman spectroscopy from a
representative FeS2 film, with the expected pyrite peaks (344, 380, and 430 cm-1) marked as the
black dashed lines at the bottom of the figure. (c) Energy dispersive spectroscopy from a
representative FeS2 film, with the individual peaks labeled. The extracted S/Fe ratio is 1.88  0.10.
(d) Auger electron spectroscopy measured depth (z) profile from a representative FeS2 film. The
substrate/FeS2 interface is labeled and defined as z = 0. The shaded areas indicate the interfacial
region. (e) 200 K magnetic hysteresis loop of a representative FeS2 film. The magnetization (M) at
up to 30 kOe stays at the instrument detection limit, consistent with the diamagnetism in pyrite
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FeS2. (f) Optical absorption coefficient (α) at the photon energy (E) between 0.6 and 3.0 eV; (g)
Plan-view and (h) tilt-view (5 from the substrate plane) secondary electron images of
representative FeS2 films taken by scanning electron microscope (SEM).

Figure 5.3 (a) An optical photograph of a representative FeS2 single crystal; (b) Powder X-ray
diffraction of a representative ground FeS2 single crystal. The lattice parameter (aFeS2) extracted
from the pattern is shown, and compared to the accepted value from the pyrite FeS2 PDF (PDF#
00-042-1340). The pattern at the bottom of the figure (green lines) shows the standard powder
diffraction pattern (PDF# 00-042-1340). (c) Raman spectrum of a representative FeS2 single
crystal. At the bottom of the figure the green dashed lines mark the 344, 380, and 430 cm-1 peaks
expected from pyrite FeS2. (d) Energy dispersive spectroscopy from a representative FeS2 single
crystal, with the individual peaks labeled. The extracted S/Fe ratio is 1.92  0.10. Note the similarity
to the typical values obtained for phase-pure (within our detection limits) thin film samples (see
Figure S1(c)), which lie around 1.9  0.1. While the expected stoichiometric value (2.0) lies within
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the experimental uncertainty, the consistent extraction of S/Fe ratios 1.9 in phase-pure FeS2
samples (both bulk and thin film) may indicate systematic underestimation of the S/Fe ratio in these
EDS measurements.

Studying the results shown in Figure 5.4 and comparing with those shown in Figure
5.1 and Table 5.1 leads to several important conclusions. First, using data from our many
thin films reduces the large scatter of data in the RH vs. µH plot (compare Figure 5.1 to
Figure 5.4(a)) and reveals a clear trend that remarkably encompasses both thin films and
single crystals. In fact, a linear relationship between RH and µH emerges in the log RH -log
µH plot, indicating a power law dependence between these variables that is consistent with
a mobility that is limited by scattering from dopant impurities or defects. The best fit of
the electron-like RH vs. µH for both thin films and single crystals yields µH ∝ (RH)1.07,
remarkably close to the scaling expected from Conwell-Weisskopf [129] or the BrooksHerring model,[130] which describe the ionized impurity scattering with µ proportional to
1/n where n is the electron density. Second, definitive electron-like RH is discovered not
only in single crystals but also in thin films. Electron-like RH in FeS2 films was rarely
reported. The finding that the FeS2 films and single crystal mobilities are limited by
impurity scattering and that RH vs. µH falls on the same line suggests a common n-type
dopant for both thin films and single crystals. As reviewed in Section 1.2.2.1, it has been
hypothesized that the donors in FeS2 are likely to be S vacancies [41] although concrete
evidence has not been shown so far. Only when µH is less than approximately 0.004 cm2V1 -1

s does the sign of RH invert and indicate hole-like conduction. Although thin films show

electron-like conduction and negative RH when µH > 0.004 cm2V-1s-1, this µH is an estimated
upper bound so that its actual µH may be lower than 0.004 cm2V-1s-1. It is important to point
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out that films with hole-like RH were from either low-temperature sulfidation or lowtemperature vacuum anneal of FeS2 films. Our study in the last two chapters has clearly
shown that this hole-like RH with significantly suppressed magnitude is caused by
intergranular hopping transport instead of real p-type doping.

Figure 5.4 The room-temperature Hall coefficient (RH) (a) and Seebeck coefficient (S) (b) are
plotted vs. the Hall carrier mobility (µH) for the polycrystalline thin films and synthetic single
crystals synthesized in the current study. Again, the red/blue symbols indicate the apparent carrier
type (hole/electron-like) based on the sign of RH and S. The arrows in panel (a) indicate upper
bounds on µH. The vertical dashed lines and markings “I”, “II” and “III” indicate the three regimes
discussed in the text.
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Figure 5.5 The left panels show the magnetic field (H) dependence of the Hall resistivity (ρxy) in
regions I (a), II (c) and III (e). The right panels show the temperature gradient (ΔT) dependence of
the negative thermoelectric voltage (-ΔV) in regions I (b), II (d) and III (f). Note that -ΔV is plotted,
to facilitate comparison to the Hall data. The dashed lines in all cases are straight line fits. Two
samples are plotted in region I (one crystal, one film), and two films are plotted in region II (one
where Hall and thermopower agree on the sign of the carriers, one where they do not). In all cases
the samples are labeled with their room temperature µH. All data are at approximately 300 K.

Figure 5.4(b) shows the room-temperature S vs. µH for polycrystalline thin films and
synthetic single crystals of pyrite FeS2. Note that the S in Figure 5.4(b) and RH in Figure
5.4(a) with the same µH were from the same FeS2 samples. Similar to the RH shown in
Figure 5.4(a), the magnitude of S decreases and the sign inverts with decreasing µH.
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Figure 5.6 (a) Wide-angle X-ray diffraction patterns of three representative FeS2 films from each
region. The pattern at the bottom of the figure (black solid lines) indicates the standard powder
diffraction pattern (PDF# 00-042-1340). (b) Raman spectra of the same films. At the bottom the
black dashed lines mark the 344, 380, and 430 cm-1 peaks expected from pyrite FeS2. In between
panel (a) and (b), the assigned region, Hall mobility and chemical stoichiometry for each film are
labeled. (c) Plan-view secondary SEM images of three representative FeS2 films from each region.
The scale bars are the same across the three images.

However, the sign inversion in S begins at a higher µH value than the sign inversion in RH,
below approximately 1.5 cm2V-1s-1. In addition, the transition from electron-like S to holelike S is not as abrupt as in RH vs. µH (Figure 5.4(a)). When µH < 1 cm2V-1s-1, both electronlike and hole-like S are observed, with more hole-like S, which seems consistent with
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previous studies shown in Figure 5.1 and Table 5.1. The same electron-like sign from both
RH and S at µH > 1.5 cm2V-1s-1 is expected since the transport mechanism is very likely to
be diffusive transport at such high mobility. As µH decreases, both RH and S are inverted
from electron-like to hole-like conduction. It is known that both RH and S are suppressed
and can invert their sign when the electronic transport is via hopping.[95,96] Thus, holelike S in films with hopping transport may not be from real p-type conduction and is most
likely due to suppression of S. The general inconsistency between RH and S at intermediate
mobilities, 0.004 cm2V-1s-1 < µH < 1.5 cm2V-1s-1 is more challenging to interpret.
To simplify the remaining discussion we divide the data in Figure 5.4 into three regions
with separations at approximately µH = 1.5 cm2V-1s-1 and µH = 0.004 cm2V-1s-1. In Region
I (µH > 1.5 cm2V-1s-1) both RH and S indicate electron-like conduction in thin films and
single crystals. Since the mobility is high, electronic transport is almost certainly diffusive
so that electron-like conduction can be safely taken to mean that thin films and single
crystals in this region are n-type. On the other extreme, in region III (µH < 0.004 cm2V-1s1) both RH and S indicate hole-like conduction in thin films. Electronic transport in films
that fall into this region is via hopping and the inversion of the signs of RH and S (as
compared to films in Region I) is due to suppression of RH and S. Thus, in region III, the
signs of RH and S do not indicate the sign of the majority carriers in the film and these films
are not p-type. In Region II, where 0.004 < µ < 1.5 cm2V-1s-1, the sign of RH show
predominantly electron-like conduction, while S shows both hole-like and electron-like
conduction: in fact, for a significant number of thin films the Hall effect and thermopower
measurements disagree on the sign of the majority carriers with RH indicating electron-like
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conduction while S indicates hole-like conduction. RH and S with inconsistent signs was
reported in pyrite FeS2 thin films previously, and this inconsistency was interpreted as
being due to both p- and n-type conduction (two-band conduction).[52] However, we never
found any evidence of two-band conduction in our Hall effect and thermopower
measurements. Two-band conduction would show easily identifiable nonlinear Hall and
thermopower voltage, with two slopes. Figure 5.5 shows representative data from roomtemperature Hall effect and thermopower measurements from FeS2 thin films or single
crystals from each region in Figure 5.4. Figure 5.5(a) and (b) show Hall effect and
thermopower measurements, respectively, from a representative single crystal and a
representative FeS2 thin film with mobilities in region I. Both the Hall voltage and
thermopower slopes indicate electron-like conduction. Figure 5.5(c) and (d), show Hall
effect and thermopower measurements, respectively, from two representative films with
mobilities in Region II. Hall effect measurements show electron-like conduction in both of
these films but the thermopower measurements give a different sign for the majority carrier
in one of them; one film shows electron-like conduction while the other shows hole-like
conduction. Figure 5.5(e) and (f) show Hall effect and thermopower measurements,
respectively, from one representative film with mobility falling in Region III. For this film,
the hall effect and thermopower measurements agree and indicate hole-like conduction. As
Figure 5.5 shows, the Hall voltage is well-behaved and is a linear function of the magnetic
field for all these representative samples. The thermovoltage is also well-behaved and is a
linear function of the temperature gradient for all samples. None of this data suggest any
evidence for two-band conduction.
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The structural and chemical properties of FeS2 thin films from these three regions are
virtually the same despite seven orders of magnitude difference in their RH, five orders of
magnitude difference in their µH, and two orders of magnitude difference in their S. In fact,
the XRD patterns, Raman spectra and SEMs (Figure 5.6) of representative films from each
region look remarkably similar. We conclude that the difference in electronic properties
among the FeS2 samples in the three regions must be due to variations in concentrations of
defects or impurities present in these samples at very low levels (ppm to 100’s of ppm).
Typical laboratory structural and chemical characterization techniques are incapable of
revealing these differences.

5.3

Transport mechanisms

Temperature (T) dependent resistivity (ρ) measurements were conducted on FeS2 thin
films and single crystals in all three regions to determine the electronic transport
mechanisms and to ascertain whether the Hall effect and thermopower measurements can
correctly indicate the majority carrier type. Specifically, the functional form of ρ(T) was
analyzed using Zabrodskii plots,[119] to reveal the transport mechanisms operative in each
region shown in Figure 5.4. The Zabrodskii method[119] for determining the exponent m
in  = 0 exp (T0/T)-m is based on lnW vs. lnT , where the quantity W = -dln/dlnT (referred
to as the reduced activation energy). When the transport is metallic (a metal or degenerate
semiconductor), lnW decreases with decreasing lnT. On the other hand, lnW increases with
decreasing lnT in insulating cases. If conduction is activated (e.g., nearest neighbor
hopping (NNH), or variable range hopping (VRH)), and ρ(T) follows ρ = ρ0 exp (T0/T)m
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(see Section 1.2.2.3), the lnW vs. lnT plot linearizes ρ(T), resulting in a straight line with
slope –m. The Zabrodskii plot is thus a quantitative, unbiased approach to extract m. The
value of m reveals the active transport mechanism. As discussed in Section 1.2.2.3, m = 1
corresponds to simple activated behavior or NNH, whereas m = ¼ or ½ indicate Mott VRH
or ES VRH.[75] Based on ρ(T) measurements and Zabrodskii plots, various transport
mechanisms are discovered in all three regions. Figure 5.7(a) and (d), (b) and (e), and (c)
and (f) show the ρ(T) and Zabrodskii plots for representative FeS2 samples from Regions
I, II and III, respectively. Figure 5.7(a) shows ρ(T) for a single crystal with µH(300 K) =
141 cm2V-1s-1 and for a thin film with µH(300 K) = 2.2 cm2V-1s-1; these mobilities fall in
region I. Figure 5.7(d) shows the Zabrodskii plots corresponding to the data in Figure
5.7(a). Below 150 K, the Zabrodskii plot for the single crystal shows a weak temperature
dependence, which is believed to be due to surface conduction in FeS2 single crystals.[41]
This is a separate and complicated issue that is beyond the scope of discussion here.
Between 150 and 300 K the Zabrodskii plot for the single crystal shows a slope of
approximately -1 (m=1), indicating activated transport, consistent with its high mobility.
The Zabrodskii plot for the thin film, on the other hand, reveals that m= 0.5, between 5 and
50 K, indicating charge transport via ES VRH. (Section 1.2.2.3). Here we do not intend to
distinguish conventional ES VRH from IGH (Section 1.2.2.3) since in both cases RH and S
cannot indicate the carrier type reliably. As temperature is increased, the negative slope at
low temperature for the thin film changes to a positive slope, illustrating a crossover from
hopping to diffusive, and, more specifically to degenerate semiconducting transport. Figure
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5.7(a) and (d) thus show only diffusive transport in Region I at 300 K, which is where the
Hall and thermopower are measured.

Figure 5.7 In the top panel the temperature (T) dependence of the resistivity (ρ) is shown in (a)
Region I, (b) Region II, and (c) Region III. The bottom panel shows ln W vs. ln T generated from
the data in the top panel, where W = -dlnρ/dlnT. Slopes of m = ½ and 1 are shown, where m is the
exponent in  = 0 exp (T0/T)m. The room temperature µH for each sample is labelled. Two samples
are plotted in region I (one crystal, one film), and three films are plotted in region II, illustrating
the various behaviors discussed in the text.

In Region II, we observed three different types of transport mechanisms, all of which
are illustrated in Figure 5.7(b) and (e) via resistivity data from representative samples.
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Specifically, Figure 5.7(b) and (e) show resistivity and Zabrodskii plots for a film with
µH(300 K) = 0.10 cm2V-1s-1. The Zabrodskii plot is similar to that for the film with µH(300
K) = 2.2 cm2V-1s-1 in Region I. Between 5 and 30 K, the Zabrodskii plot reveals that the
slope is -0.5 (m=0.5) but the slope changes sign at T=30 K and becomes positive for T>30
K, indicating degenerate-semiconducting transport at room temperature. Figure 5.7(b) and
(e) film also show data from a film with µH(300 K) = 0.03 cm2V-1s-1 (Region II). The
Zabrodskii plot indicates a negative slope, which equals approximately -1 (m=1) between
7 and 30 K, indicating a NNH or activated transport (see Section 1.2.2.3 for more detail).
As confirmed later, the doping level in these thin films is 1019 cm-3 or higher. As discussed
in Section 1.2.2.3, NNH is unlikely to occur in a semiconductor with such heavy doping.
Therefore, we conclude that the transport is activated between 7 and 30 K. and extract an
activation energy of 11.2 meV. When T is higher than 50 K, the electronic transport in this
film shows a much weaker temperature dependence, implying fully ionization. The
transition temperature agrees very well with the temperature scale of the activation energy.
Finally, Figure 5.7(b) and (e) film also show data from a film with µH(300 K) = 0.13 cm2V1 -1

s (Region II). In this case, the slope of the Zabrodskii plot is -0.5 (m=0.5) through the

entire temperature range, indicating hopping transport at all temperatures where
measurements were made. Based on Figure 5.7(b) and (e), it is clear that Region II is an
intermediate region where the diffusive transport crosses over to hopping transport. In
Region III, only the hopping transport mechanism was discovered at room temperature,
and is illustrated using data from a representative film with µH(300 K) = 10-3 cm2V-1s-1
(Figure 5.7(c) and (f)).
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This knowledge of the transport mechanisms in different regions helps explain the
crossovers from electron-like to hole-like conduction, and the disagreements between the
Hall effect and thermopower measurements in Figure 5.4. Hall effect and thermopower
measurements are capable of indicating the correct carrier type only when the electronic
transport is diffusive. If electronic transport is via hopping, the Hall effect and/or
thermopower may show a slope that has the opposite sign of the charge on the real
carriers.[76,77,95,96] Thus, RH and S agree with each other, both indicating n-type
conduction in FeS2, for single crystals and thin films in Region I. RH and S for films in
region I gives the correct carrier type because the transport mechanism in these films is
diffusive. Region II is a region where diffusive transport crosses over to hopping transport.
As a result, both electron-like (real) and hole-like (not real) RH and S are observed in this
region. In particular, in a film with degenerate-semiconducting transport at 300 K, such as
the one with µH(300 K) = 0.10 cm2V-1s-1 in Figure 5.7(b) and (e), both RH and S are
electron-like, indicating n-type conduction. However, for a film with an activated transport,
such as the one with µH(300 K) = 0.03 cm2V-1s-1 in Figure 5.7(b) and (e), it turns out that
RH shows electron-like conduction while S shows hole-like conduction. Although this is
not expected for activated transport, we propose that this inconsistency between RH and S
is because sometimes S may not indicate the correct carrier type even when the electronic
transport is diffusive (see Section 2.4.3). We will return to and explain this assertion in
detail later. As for a film with a hopping transport at 300 K, such as the one with µH(300
K) = 0.13 cm2V-1s-1 in Figure 5.7(b) and (e), RH or S does not indicate the real carrier type.
RH indicates electron-like conduction while S is inverted in sign and indicates hole-like
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conduction. This is probably because the film in Region II still has relatively high mobility
and the Hall-effect is not yet suppressed as severely as the termopower measurements. This
too will be discussed in more detail below. Films in Region III all exhibit hopping transport
with very low mobilities at 300 K, causing sign inversions in both RH and S. Both RH and
S yield the wrong sign for the majority carriers in this region.
To illustrate how the crossover from diffusive to hopping transport relates to the signs
of RH and S, we have plotted them as a function of the crossover temperature (T*),
determined from the Zabrodskii plots. T* is the temperature at which the electronic
transport crosses over from hopping (at lower T) to diffusive (at higher T). Figure 5.8(a)
shows how T*is determined from the Zabrodskii using data from two films in Region II as
examples. For a film similar to the one with µH(300 K) = 0.10 cm2V-1s-1, T* is
approximately where lnW = 0.[131] On the other hand, in a film similar to the one with
µH(300 K) = 0.13 cm2V-1s-1, T* has to be higher than 300 K. Figure 5.8(b) and (c) show the
room-temperature RH and S as a function of T＊. When T＊< 300 K, the electronic transport
at room temperature is diffusive and both RH and S indicate the correct carrier type (ntype). However, when T＊> 300 K, electronic transport at room temperature is by hopping
and RH and S may not properly indicate the correct carrier type. The fact that RH and S can
be either positive or negative, and can even disagree with each other, is consistent with the
expectation that when the transport is not diffusive RH and S may not be able to indicate
the correct carrier type. Note that the activated transport like the one in the film with µH(300
K) = 0.03 cm2V-1s-1 in Figure 5.7(b) and (e) is not discussed in Figure 5.8(b) and (c). As
mentioned before, in such transport, RH is discovered to indicate the right carrier type, but
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S does not. We think this is due to transport under a condition where S cannot indicate the
carrier type even if the transport is diffusive at 300 K (See Section 2.4.3). We will explain
this below.

Figure 5.8 (a) The crossover temperature (T＊) can be roughly seen as the temperature (T) where
＊
lnW = 0 (see Figure 4 in the main context for the definition of W). For instance, the T is labelled
for the FeS2 film with 0.10 cm2V-1s-1 mobility. If lnW is always positive up to 300 K, then T＊ > 300
K, such as for the FeS2 film with 0.13 cm2V-1s-1 mobility. (b, c) The room-temperature (b) Hall
＊
coefficients (RH) and (c) Seebeck coefficients (S) as a function of T . The red (blue) color on the
symbols indicates the sign of RH / S being positive and hole-like (negative and electron-like). The
＊
open symbols with arrows indicate their T > 300 K.

5.4

Discussion
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Figure 5.9 shows illustrative band diagrams drawn to aid the explanation of the data in
Figure 5.4. Specifically, these band diagrams show a sketch of the density-of-states
expected in a crystalline semiconductor with some disorder, the position of the Fermi level
(EF), and the mobility edge (Eµ, see Section 1.2.2.3 for more detail). The DOS includes a
defect band. Several potential positions of the Fermi level and the mobility edge are shown.
These are critical for interpreting the signs of RH and S. Figure 5.9(a) shows the case of a
highly doped degenerate semiconductor where EF is significantly above Eµ, and located
within the conduction band. A small defect band is shown, implying some, but not very
high, concentration of defects (i.e., some disorder). We believe that this is the case for thin
films in Region I. The electronic transport is diffusive and Hall effect and thermopower
measurements are expected to reveal the correct carrier type. In these films RH shows
electron-like behavior because of n-type conduction. S shows electron-like behavior
because dN(E)/dE > 0 at the Fermi level so that S < 0, based on the equation (see Section
2.4.3 for more detail)
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In single crystals, the defect band is significantly reduced because of a low doping level.
Again, EF is above Eµ, and located within the conduction band, so that transport remains
diffusive and Hall effect and thermopower measurements reveal the correct carrier type.
As the defect concentration increases (e.g., thin films in Region II), EF approaches Eµ, as
shown in Figure 5.9(b). This is the transition from Region I to Region II in Figure 5.4.
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There are two possibilities. In the case shown in Figure 5.9(b), EF is very close but still
above Eµ. In this case, RH still shows, correctly, electron-like (n-type) behavior because
transport is still diffusive and via electrons. However, because EF is now on the side of the
defect band where dN(E)/dE < 0, S shows hole-like behavior, no longer indicating the
correct carrier type. This condition corresponds to films that exhibit activated transport
such as the film with µH(300 K) = 0.03 cm2V-1s-1 in Figure 5.7(b) and (e); the activation
potentially corresponds to activation from Eµ to EF. A second possibility is that EF drops
below Eµ as shown in Figure 5.9(c) and a soft Coulomb gap starts to form around EF. If
this is the case, electronic transport is via hopping and this condition corresponds to films
in Region II that exhibit hopping transport, such as the film with µH(300 K) = 0.13 cm2V1 -1

s in Figure 5.7(b) and (e). In this case, RH still shows electron-like behavior, probably

because some of the electrons conduct through the states above Eµ, resulting in a negative
Hall signal. Note that the slope of Zabrodskii plot deviates from -0.5 for the film with
µH(300 K) = 0.13 cm2V-1s-1, supportive of the idea that some electrons conduct through
states above Eµ. However, S remains hole-like since both the electrons conducting above
Eµand electrons hopping under Eµcontribute a positive sign to S. Finally as the defect band
further increases in density (even lower µ than the films in Region II), EF drops deep into
the defect band, far below Eµ, and a soft Coulomb gap with N(EF) approaching zero forms,
as shown in Figure 5.9(d). This situation corresponds to Region III. The signs of both RH
and S become inverted because of hopping transport. Thus, the data in Figure 5.4 can be
reasonably interpreted using the band diagrams shown Figure 5.9. Most importantly, the
key conclusion is that hole-like S or RH is caused by hopping transport but not actual p179

type carriers. Most FeS2 samples, both thin films and single crystals, are n-type and the
remarkable adherence of the data in Figure 5.9 to a single line for all thin films and single
crystals exhibiting diffusive transport implies strongly that the unintentional donor in thin
films and single crystals is the same dopant.

Figure 5.9 Schematic available density-of-states (N(E)) vs. energy (E), in regions I (a), II (b), and
III (c). In each case the conduction band (CB), defect band (DB), Fermi energy (EF) and mobility
edge (Eµ) are shown. A single schematic is shown for regions I and III, but two are required in
region II. The soft-gap at EF in (d) is the Coulomb gap.

5.5

Conclusions

Pyrite FeS2 has outstanding potential as a photovoltaic material based on earthabundant, inexpensive, non-toxic elements, but underperforms dramatically in solar cell
devices. Although the reasons for this remain to be definitively isolated, one major factor
is our inability to understand and control doping in FeS2, underscored by the widely
accepted observation that single crystals are predominantly n-type, whereas thin films are
typically p-type. Here we have provided a potential resolution to this pyrite “doping
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puzzle”, arrived at via Hall effect, thermopower, and resistivity measurements on a large
set of single crystals and thin films, spanning five orders of magnitude in Hall mobility.
Ambient temperature data reveal three regimes: A high mobility regime where n-type
behavior (in crystals and films) is rigorously confirmed by both Hall and thermopower; an
intermediate mobility regime where the Seebeck coefficient can reverse sign despite an ntype Hall effect; and a low mobility regime where both Hall and Seebeck coefficients
invert. Significantly, temperature-dependent resistivity measurements establish diffusive
transport in the high mobility regime, a transition to hopping transport in the intermediate
regime, and unambiguous hopping behavior in the low mobility regime. Based on this
knowledge, established understanding of the Hall and Seebeck effects in hopping
conductors, and a simple evolution of the Fermi energy, mobility edge, and density-ofstates with disorder, we show that these trends can be simply rationalized. Three main
conclusions are thus obtained:
(a) The high mobility films and crystals studied in this work are definitively n-type,
confirmed by both Hall and thermopower. The widespread notion of predominant p-type
behavior in pyrite films should thus be revised.
(b) An apparent crossover to p-type occurs on lowering the mobility but is actually an
artifact of hopping conduction.
(c) A single mobility-electron density relation is found for both crystals and films studied
in this work, strongly suggestive of a common dopant, potentially S vacancies.
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In essence we propose that with sufficient understanding of the active transport
mechanisms no discrepancy exists between the carrier type in pyrite bulk crystals and thin
films. This resolves the doping puzzle!
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Chapter 6: On unintentional n-type dopants in iron
pyrite thin films

As discussed in Chapter 5, ex situ sulfidation of Fe films produces FeS2 films that
exhibit a wide range of Hall coefficients and mobilities. However, the reason(s) for the
dramatic variations in mobilities is still an open question. One possibility is that there is
one or more uncontrolled n-type dopant(s) whose concentration varies during deposition
or sulfidation. In this chapter we will describe and discuss experiments aimed at identifying
these uncontrolled potential n-type dopants in pyrite FeS2 thin films.

6.1

Is the electron density determined by synthesis parameters?

The data presented in Chapter 5 strongly suggests that FeS2 thin films and single
crystals are n-type and reports of p-type films are artifacts caused by Hall effect suppression
in hopping conduction. Figure 6.1 shows the Hall electron mobility of the films discussed
in Chapter 5 as a function of electron density, which was calculated from the Hall
coefficients. As shown in Chapter 5, µH is proportional to n-1.07 (see orange line fit),
indicating that the µH is limited by ionized impurity scattering, as in the ConwellWeisskopf model[129] or the Brooks-Herring model,[130] which predict µ ∝ 1/n, in close
agreement with our data. To help identify the possible reason(s) for the large variations in
µH and n, some critical film synthesis parameters are also added to Figure 6.1.
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Figure 6.1 The electron density (n) vs. Hall mobility (µH) in FeS2 thin films synthesized via ex situ
sulfidation of Fe. The Fe precursor films were deposited either by e-beam evaporation (solid
symbols) or by DC magnetron sputtering (open symbols), on a variety of substrates. The color scale
shows the Fe source purity used in evaporation or sputtering. The orange line is the least squares
fit of all the data points.

The parameters considered here include the Fe deposition approach (e-beam evaporation
vs. DC magnetron sputtering, see Section 2.1), which also have dramatically different
deposition pressure, the Fe source purity, and the substrates used. Unfortunately, none of
these parameters seem to have an obvious correlation with either µH or n. For example,
open symbols and solid symbols in Figure 6.1, which indicate the Fe deposition approach,
are discovered on the low n end and the high n end. Films deposited on Al2O3 exhibit both
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high µH and low µH. Neither n nor µH is observed to scale with Fe purity. While we do not
notice an obvious correlation between µH and the synthesis parameters such as the
deposition method, substrate and Fe purity, there may be correlations between µH and a
hidden variable such as the concentration of an unintentional impurity that fluctuates even
when the synthesis conditions are kept nominally constant. To examine this possibility we
conducted a detailed analysis of the impurities and their concentrations in pyrite FeS2 thin
films.

6.2

Is the electron density determined by metal impurities?

TOF-SIMS (see Section 2.3.4) was used to determine the impurities present and their
concentrations in our FeS2 films. Eight FeS2 thin films, selected to span a wide range of µH
and n, were examined thoroughly via TOF-SIMS. Several impurity elements, including
alkali and alkaline earth metals (Na23, Mg24, K39 and Ca40), transition metals (Cr52, Co59,
Ni60 and Cu63) and Al (coming from the Al2O3 substrate), were detected in the FeS2 films.
These impurities are likely to be introduced during the film synthesis, such as from the
substrate, the Fe source, and the quartz ampoule. Table 6.1 shows the concentrations of
various impurities in the soda lime glass and Al2O3 substrates, the Fe sources, and the
quartz ampoule used in our film synthesis. For our FeS2 films, the SIMS intensity for each
element was measured as a function of distance from the surface by sputtering the film,
and these intensities were converted to elemental concentrations, based on the methods
discussed in Section 2.3.4. Hereafter, the distance from the surface into the film is referred
to as depth and the variation of elemental concentration with position in the film is referred
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to as the depth profile. When we examined these concentration depth profiles we noticed
that their variation with depth exhibited three different shapes as a function of distance
from the film surface, implying different mechanisms of impurity incorporation. We
categorized the impurity elements based on the shape of their concentration depth profiles.
The alkali and alkaline earth metals were in one category while transition metals fell into
another. Al was a special case and is in a separate category, by itself. Below, we discuss
each category of elements individually, starting with the alkali and alkaline earth metals.
Figure 6.2(a) and (b) show concentration depth profiles for Na23 as a representative
example of how the concentrations of alkali and alkaline earth metals vary in the films.
Na23 concentration depth profiles are shown for eight FeS2 thin films on various substrates,
with different electron densities. The orange dashed line marks the concentration level at
2.5 ×1019 cm-3, which corresponds to 1000 ppm/Fe (ppm/Fe: the unit for the ratio between
the number of impurity atoms and the number of Fe atoms). Starting from the film surface,
the Na23 concentration first decreases as a function of depth and then increases the filmsubstrate interface is approached. Such a depth profile, common to all eight films, is the
expected concentration profile for an impurity becoming incorporated into the FeS 2 films
as a result of substrate, substrate surface and film surface contamination, which is common
for these light elements. The depth profiles of other alkali and alkaline earth metals are
very similar to those shown for Na23. To examine whether the alkali or alkaline earth metal
impurity concentrations correlate with the electron densities in FeS2 thin films, we
calculated a depth-averaged concentration for each alkali or alkaline earth metal and
plotted them versus the electron densitiy. Figure 6.2(c) shows the average concentration of
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Unit:
ppm

99.9%
Fe

99.95%
Fe

99.99%
Fe

SLG

QZ
ampoule

Al2O3

Note
Electrically
Si
40.00
88.00
72.00
Main
Main
N/A inactive[66]
Al
12.44
20.74
3.32
2500
33.33
Main Donor[65]
Na
0.85
0.39
0.61
90000
2.35
0.10 Unknown
Mg
0.01
0.07
0.01
34100
0.25
0.07 Unknown
K
0.60
0.23
0.33
700
1.23
0.10 Unknown
Ca
0.55
0.07
0.08
43600
1.20
2.00 Unknown
Cr
4.63
4.09
3.45
N/A
0.06
0.10 Unknown
Co
40.81
18.03
14.24
N/A
N/A
0.05 Donor[66,67]
Donor [65–
Ni
25.76
11.45
15.26
N/A
N/A
0.05 67]
Donor
Cu
1.41
1.06
1.76
N/A
0.09
0.10 [64,65]
Table 6.1 The impurity levels in Fe sources with different purities, the soda lime glass (SLG)
substrate, the Al2O3 substrate and the quartz (QZ) ampoule used in sulfidation process. The type
of doping in FeS2 for each impurity, reported in literature, is listed in the “Note” column.

Na23, Mg24, K39 and Ca40, in each film versus the electron concentration in the same film.
The red dashed line indicates N = n, where the averaged elemental concentration, N, is
equal to the electron density (i.e. the expected variation if each impurity acted as an active
single electron donor). Figure 6.3 illustrates how graphs like Figure 6.2(c) may be
interpreted. If the concentration, N, of an impurity is much less than the electron density,
n, then this impurity is an unlikely candidate to be a major dopant. On the other hand, if N
is approximately equal to n, then this impurity can potentially be a major dopant assuming
that a majority of the impurities are electrically active. We find that for n > 3 × 1019 cm-3,
the elemental concentrations of all alkali and alkaline earth metals are in fact far lower than
n and the data points fall significantly below the N = n line. We conclude that these metals
are not the major dopants when n > 3 × 1019 cm-3. However, with the exception of K, for
which the concentration is always far below the N = n line, the elemental concentrations of
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other alkali or alkaline earth metals fall very approximately on the N = n line when n < 3 ×
1019 cm-3and Na, Mg and Ca could thus contribute to the electron density at these low
doping levels. On Figure 6.2 we highlight (using open symbols) two films, one with very
high Na23, Mg24, and Ca40 concentrations and another with extremely high Mg24
concentration. The former is an FeS2 film on the soda lime glass (SLG) substrate and the
latter is a FeS2 film on a MgF2 substrate. SLG has intentionally added Na, Mg and Ca
(Table 6.1). It is very likely that Na, Mg and Ca SIMS intensities for these two films include
significant contributions from the SLG and the MgF2 substrates.[92] There are no prior
studies (Table 6.1) on whether alkali or alkaline earth metals can dope FeS2 electronically,
and therefore it remains unclear whether introduced Na, Mg or Ca could be expected to
affect the electron density when n < 3 ×1019 cm-3. Nevertheless, Figure 6.2 clearly indicates
that the major dopants in these FeS2 films, at least when n > 3 ×1019 cm-3, are not alkali or
alkaline earth metals.
Transition metal concentration depth profiles exhibit a different type of behavior than
the alkali and alkaline earth metals. Specifically, the concentration depth profiles for all
transition metals detected in our FeS2 films were uniform. A uniform depth profile,
common to all eight films, suggests that transition metals are incorporated into the film
during the Fe deposition. Indeed, Table 6.1 shows that the Fe sources used for deposition
contain higher concentrations of transition metal impurities than the substrates and the
quartz ampoules. Thus, we identify the Fe sources as the source of these impurities in FeS2
films. Figure 6.4(a) and (b) show the concentration depth profile for Ni60 as a representative
example of how the concentrations of the transition metals (i.e. Cr, Co, Ni and Cu) vary in
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the films. The concentration depth profiles for Cr, Co, and Cu are very similar to that for
Ni. Figure 6.4(c) shows the average concentrations of Cr52, Co59, Ni60 and Cu63, in each
film versus the electron concentration measured in the same film. As in Figure 6.2(c), the
red dashed line is where the averaged elemental concentration, N, is equal to the electron
density (N = n). For n > 5 × 1019 cm-3, clearly the elemental concentrations of Cr, Co, Ni
and Cu, are far lower than n and the data points fall significantly below the N = n line. We
conclude that these transition metals cannot be the major dopants when n > 5 × 1019 cm-3.
However, when n < 5 × 1019 cm-3, with the exception of Cr, the elemental concentrations
of all other transition metals (Co, Ni and Cu) fall approximately on the N = n line. It has
been shown that Co, Ni and Cu can act as n-type dopants in FeS2 thin films, (see Table 6.1
and [64–67]). Therefore, with the sources we used so far to synthesize our FeS2 films, the
electron densities will be limited from going below ≈ 5 × 1019 cm-3 by these transition metal
impurities. This is indeed the case in our work.
Figure 6.5 shows the total concentration (NT) of all the impurity elements discussed
above, including Na23, Mg24, K39, Ca40, Cr52, Co59, Ni60 and Cu63, as a function of the
electron density (n) in the corresponding FeS2 films. When n > 5 × 1019 cm-3, the total
concentrations of all impurities again lie far below the N = n line, indicating that these
impurities are not the major dopants at this level of electron density. However, when n < 5
× 1019 cm-3, the total concentrations of all impurities are higher than the N = n line. This
suggests that, at this electron density level, the film doping may be limited by impurities,
especially the transition metals Co, Ni and Cu, because they are implicated in n-type doping
of FeS2.
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Figure 6.2 (a) The Na concentration depth profile (N) in FeS2 thin films on Al2O3 substrates. (b)
The Na concentration depth profile in FeS2 thin films on substrates other than Al2O3, including
soda lime glass (SLG), Si-N and MgF2. These films have different electron densities, which are
labelled between (a) and (b). The orange dashed line indicates the concentration of 2.5 × 1019 cm3
, which is 1000 ppm/Fe in FeS2. (c) The concentration (Navg) of each alkali or alkaline earth metal
element, averaged with respect to the depth, as a function of the electron density (n) in the
corresponding FeS2 film. The red dashed line indicates N = n, where the averaged elemental
concentration equals the electron density. The data points labeled with open symbols are from a
FeS2 thin film on SLG.

Figure 6.3 An illustration of how to interpret how to determine the plausible major dopants in FeS2
films based on the plot of the concentration (N) vs. electron density (n). If N is much less than n,
then this impurity is an unlikely candidate to be a major dopant. On the other hand, if N is
approximately equal to n, or even much more than n, then this impurity can potentially be a major
dopant assuming that a majority of the impurities are electrically active.

Al was found to be a special case and its concentration depth profiles did not conform
to those observed for the transition metals or the alkali and alkaline earth metals. Figure
6.6(a) shows the concentration depth profiles for Al27 in FeS2 thin films synthesized on
Al2O3 substrates while Figure 6.6(b) shows depth profiles for FeS2 thin films synthesized
on substrates (a-SiN, SLG and MgF2) other than Al2O3. The electron densities for films
191

192

Figure 6.4 (a) The depth profile of Ni60 concentration (N), extracted from TOF-SIMS results of
Ni60, in FeS2 thin films on Al2O3 substrates. (b) The depth profile of Ni60 concentration (N),
extracted from TOF-SIMS results of Ni60, in FeS2 thin films on other substrates, including soda
lime glass (SLG), Si-N and MgF2. These films have different electron densities, which are labelled
between (a) and (b). The orange dashed line indicates the concentration of 2.5 × 10 19 cm-3, which
is 1000 ppm/Fe in FeS2. (c) The concentration (Navg) of each transition metal element, averaged
with respect to the depth, as a function of the electron density (n) in corresponding FeS2 film. The
red dashed line indicates N = n, where the averaged elemental concentration equals to the electron
density.

shown in Figure 6.6(a) and (b) had spanned a wide range (61018-91020 cm-3). The Al
concentrations in FeS2 films synthesized on Al2O3 (Figure 6.6(a)) were as high as 2.5 ×
1019 cm-3 at the film-substrate interface but decreased away from this interface into the
substrate. In some cases the Al concentrations increased again towards the film surface
similar to the depth profiles observed consistently for alkali and alkaline earth metals. High
Al concentration at the Al2O3-film interface is understandable because Al is a major
constituent of Al2O3 and may diffuse into the film. The reasons for increasing concentration
towards the surface in some films is not clear, but could be due to Al introduction from
the vapor outside the film during the sulfidation process. On the other hand, the depth
profiles for films synthesized on substrates other than Al2O3 (Figure 6.6(b)) also show
similar features and spatial trends as the films synthesized on Al2O3 albeit at lower Al
concentration levels. Figure 6.6(c) shows the average concentration of Al in FeS2 thin films
versus the electron concentration measured in the same film. The average Al concentrations
appear to follow the N = n line approximately, but a majority of the data points still fall
below the N = n line. Nevertheless, Al may contribute a significant amount of doping in
the films even at higher n (e.g. n > 5 × 1019 cm-3), given that Al is suspected to be an ntype dopant in FeS2.[65] However, it is very likely that Al27 SIMS intensities include
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significant contributions from the Al2O3 substrate when the films are synthesized on
Al2O3,[92] and that the average Al concentrations are overestimated in these films.
Therefore, there remain questions whether the Al impurities are actually from the Al
diffusion into FeS2 thin films, or they are just caused by substrates exposed to the ion beam.
Further studies are necessary to address these questions. One such study, which is
underway, is to conduct the TOF-SIMS measurements on as-deposited Fe / 3nm Au films,
as well as identical films placed in evacuated and sealed quartz ampoules under 600 C for
8 hours, without sulfur. The results from these measurements will help to reveal which step
the impurities come from. In addition, the results may be instructive to decide if Al is really
diffusing from the substrate to the film during the heat treatment process.
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Figure 6.5 The total concentration (NT) of all impurity elements detected using TOF-SIMS
including Na23, Mg24, K39, Ca40, Cr52, Co59, Ni60 and Cu63 plotted versus the electron density (n) in
the corresponding FeS2 film. The red dashed line is where the averaged impurity concentration is
equal to the electron density (NT = n).
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Figure 6.6 (a) The Al concentration (N) depth profile in FeS2 thin films (a) synthesized on Al2O3
substrates and (b) substrates other than alumina, including soda lime glass (SLG), amorphous
silicon nitride and MgF2. The electron densities of these films (see legend) span almost three orders
of magnitude from 5.9 ×1018 cm-3 to 9.3 ×1020 cm-3. The orange dashed line is drawn at 2.5 ×1019
cm-3 and corresponds to 1000 ppm Al/Fe in FeS2. (c) The depth-averaged Al concentration of Al27
vs. carrier density in corresponding FeS2 film. The solid data points are from films on Al2O3
substrate, while the open data points are from films on SLG, amorphous silicon nitride and MgF2.
The red dashed line indicates N = n, where the averaged elemental concentration equals to the
electron density.

6.3

Is the electron density determined by oxygen impurities?

Two important additional candidates that need to be considered and examined as
potential n-type dopants are oxygen and the S1 vacancy. Oxygen is ubiquitous and can be
introduced unintentionally when the as-deposited Fe films are removed from the vacuum
chamber and exposed to ambient air. The S1 vacancy (a single sulfur missing from the S2
dimer in FeS2) has been suggested to dope FeS2 n-type (see Section 1.2.2.1 for details).
Estimating the O concentration in the FeS2 films using TOF-SIMS and the Saha-Eggert
method (see Section 2.3.4) is inaccurate because the first ionization energy of O is much
higher than both Fe and S. Thus, the approach and arguments we used to eliminate Na, K,
Ca, Mg, Cr, Co, Ni, Co and Al at electron densities > 5 × 1019 cm-3 can not be used for O.
Instead, we conducted experiments where we deliberately sought to change the O
concentration in the films. First, we synthesized FeS2 from Fe films that were removed
from the vacuum chamber into a glove bag filled with N2 gas and subsequently transferred
into an oxygen-free glove box before loading them into the quartz ampoule for sulfidation
(see Section 2.1). This approach reduced the contact time between the Fe film and ambient
oxygen and water. While sealing the quartz ampoule with a torch, a turbo pump was
connected to the quartz ampoule for continuous pumping. This was done to avoid any
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Figure 6.7 (a) Wide-angle X-ray diffraction pattern and (b) scanning electron microscopy of a Pt
protected FeS2 film on Al2O3 substrate.

oxygen leaking into the quartz ampoule during sealing. However, the FeS 2 films
synthesized using these precautions to reduce O contamination still had high electron
densities (n > 1020 cm-3). Recently we developed a method that minimizes (arguably
eliminates) oxygen exposure of the Fe film; we deposited a 3 nm Pt capping layer on the
Fe film to protect it from oxidation before sulfidation; during sulfidation, S can diffuse
through the Pt layer and react with Fe underneath to form FeS2; the Pt layer also converts
to PtS2 during this process, as shown in Figure 6.7(a). Figure 6.7(b) shows the SEM image
of a Pt protected FeS2 film. During the entire synthesis, the Pt or the PtS2 layer always
protected the Fe film so that the oxygen diffusion into the Fe film should be significantly
reduced if not completely eliminated. The electrical resistance of PtS2 is much higher than
the FeS2 film underneath so that the electronic transport across the FeS2 film could be
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studied without being affected by the PtS2. Figure 6.8(a) and (b) show these FeS2 films still
had electron densities as high as 1020 cm-3. The fact that the electron density remained high
suggests oxygen is also unlikely to be the major n-type dopant in our FeS2 thin films.

Figure 6.8 The 290 K Hall measurements of (a) a Pt protected FeS2 film on Al2O3 substrate and
(b) a Pt protected FeS2 film on MgF2 substrate. The thickness of both FeS2 films is 110 nm. Hall
resistivity (Rxy) vs. magnetic field (H) for each film is shown. The carrier density (n), resistivity (ρ)
and mobility (µ) for each film is labelled.

6.4

Is the electron density determined by S1 vacancies?

As introduced in Section 1.2.2.1, the S1 vacancy is believed to be a likely candidate for
the defect that can dope FeS2 n-type. To assess whether S1 vacancies can explain the
variations in n and µH in our FeS2 thin films, we replot the data in Figure 6.1 using a color
scale that shows the atomic % of S in each film as measured using EDS (Figure 6.9, see
also Section 2.3.2.2). It seems that there is no correlation thus uncovered between the
atomic % of S and µH or n. However, the uncertainty of EDS measurements is as high as 6
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%, and the color map is in fact not sensitive enough to reveal the differences in S
stoichiometry among the FeS2 films. Figure 6.10 shows the electron density as a function
of the atomic % of S, assuming that each S1 vacancy contributes one electron to the
conduction band. The range of S compositions that corresponds to the span of electron
density encountered in our study (n between 6 ×1018 and 3 ×1021 cm-3) is between 65.263
and 66.662 %. Such a small difference requires very sensitive techniques to detect, and
emphasizes the challenge in studying the quantitative correlation between S 1 vacancy and
electron concentrations. Clearly, this is a direction for future studies, to determine whether
S1 vacancies are the major dopants in FeS2.
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Figure 6.9 The electron density (n) vs. Hall mobility (µH) in FeS2 thin films synthesized via ex situ
sulfidation of Fe. The Fe precursor films were deposited either by e-beam evaporation (solid
symbols) or by DC magnetron sputtering (open symbols), on a variety of substrates. The color scale
shows the sulfur atomic %, measured by energy dispersive spectroscopy. The orange line is the
least squares fit of all the data points.

Figure 6.10 The electron density (n) contributed by S1 vacancies as a function of atomic % of S in
FeS2, assuming that each S1 vacancy contributes one electron. The range of S compositions that
correspond to the span of electron densities measured in our films (n between 6 ×1018 and 3 ×1021
cm-3) is found to be between 65.263 and 66.662 % (red dashed lines). The intrinsic carrier
concentration, where FeS2 is rigorously stoichiometric, is 2.87 × 1012 cm-3 at 300 K, and is also
shown.

6.5

Summary
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While we cannot yet definitively determine the identity of the unintentional dopant in
the FeS2 thin films synthesized by ex situ sulfidation, the data and the analysis in this
chapter provides some important insights. First, the electron concentration does not
correlate with any single experimental parameter. Detailed TOF-SIMS studies reveal that
the metal impurities, especially the transition metal impurities, may limit the electron
density from going below 5 ×1018 cm-3, the lowest electron density measured in the current
study. However, these metal impurities are not the major n-type dopants in the FeS2 films.
Unintentionally incorporated oxygen was also considered as the dopant but all
experimental evidence suggests that this is not the case. S1 vacancies remains as the most
plausible major n-type dopant in our FeS2 films, but further studies linking the vacancy
concentrations to the electron density are needed to determine definitively whether S1
vacancies are the major n-type dopants in FeS2 thin films, and even FeS2 single crystals.
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Chapter 7: Conclusions and suggestions for applying
FeS2 as a solar absorber

Pyrite structure FeS2 has long been acknowledged as a material with outstanding
potential as a solar absorber for photovoltaic devices. The pyrite band gap lies in a useful
region ( 0.95 eV) and the absorption coefficient exceeds a remarkable 105 cm-1 above 1
eV, rendering a thickness of < 100 nm sufficient to absorb > 90 % of sun light. This can be
compared to > 200 μm for Si. In addition, pyrite FeS2 also possesses good mobility (> 300
cm2V-1s-1 in single crystal form) and suitable minority carrier diffusion length (100-1000
nm). It is thus unsurprising that, from the mid 1980’s, significant research focused on the
development of FeS2-based PV. Having yielded cell efficiencies < 3 %, and open circuit
voltages of only 0.1 V, this effort was not entirely successful. Although no single origin
for these disappointing results emerged, a number of serious issues were identified.
Prominent among these is that FeS2 conduction and doping mechanisms are poorly
understood. In particular, crystals are typically n-type, while, in the majority of cases, thin
films appear to exhibit p-type conduction. This is not understood, and indeed the primary
electrically-active defects expected in FeS2 remains a matter of debate.
By focusing on elucidating the relations between the synthesis, structure and electrical
properties of pyrite FeS2 thin films, synthesized by ex situ sulfidation, this dissertation
intended to advance the knowledge of the electronic transport and doping mechanisms in
202

pyrite FeS2 thin films. In Chapter 3, structural, chemical, and electrical characterization of
FeS2 films revealed an abrupt improvement in crystallinity above sulfidation temperatures
of 400-450 C, accompanied by unanticipated crossovers from intergranular hopping to
conventional transport, and, remarkably, from hole-like to electron-like Hall coefficients.
Through detailed analysis of the transport parameters, magnetic behavior, and sulfur
diffusion, we demonstrated that at lower sulfidation temperatures (< 550 C) hopping
occurs between a small volume fraction of conductive nanoscopic sulfur-deficient grain
cores, embedded in nominally stoichiometric FeS2. In addition to placing constraints on
the conditions under which useful properties can be obtained from FeS2 synthesized in
diffusion-limited situations, these results also emphasized that FeS2 films are not
universally p-type.
Next, in Chapter 4, phase-pure polycrystalline pyrite FeS2 films, synthesized by ex situ
sulfidation, were subject to systematic reduction by vacuum annealing (to 550 C) to assess
phase stability, stoichiometry evolution, and their impact on transport. Bulk probes
revealed the onset of pyrrhotite (Fe1-S) around 400 C, rapidly evolving into the majority
phase by 425 C. The impact on transport was dramatic, Fe1-S minority phases leading to
a crossover from diffusive transport to hopping (due to conductive Fe1-S nanoregions in
an FeS2 matrix), followed by metallicity when Fe1-S dominates. Notably, again the
crossover to hopping leads to an inversion of the sign, and large decrease in magnitude of
the Hall coefficient. By tracking resistivity, magnetotransport, magnetization, and
structural/chemical parameters vs. annealing we provided a detailed picture of the
evolution in properties with stoichiometry. A strong propensity for S-deficient minority
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phase formation was found, with no wide window where S vacancies control the FeS2
carrier density.
In Chapter 5, based on the results from the previous chapters, and additional
experiments, a potential resolution to the pyrite “doping puzzle” was arrived at via Hall
effect, thermopower, and resistivity measurements on a large set of single crystals and thin
films, spanning seven orders of magnitude in Hall coefficient, five orders of magnitude in
Hall mobility, and two orders of magnitude in Seebeck coefficient. Ambient temperature
data revealed three regimes: A high mobility regime where n-type behavior (in crystals and
films) was rigorously confirmed by both Hall and thermopower; an intermediate mobility
regime where the Seebeck coefficient reverses sign despite an n-type Hall effect; and a low
mobility regime where both Hall and Seebeck coefficients invert. Significantly,
temperature-dependent resistivity measurements established diffusive transport in the high
mobility regime, a transition to hopping transport in the intermediate regime, and
unambiguous hopping behavior in the low mobility regime. Based on this knowledge,
established understanding of the Hall and Seebeck effects in hopping conductors, and a
simple evolution of the Fermi energy, mobility edge, and density-of-states with disorder,
we showed that these trends can be simply rationalized. Three main conclusions were thus
obtained: (a) The high mobility films and crystals studied in this work are definitively ntype, confirmed by both Hall and thermopower. The widespread notion of predominant ptype behavior in pyrite films should thus be revised. (b) An apparent crossover to p-type
occurs on lowering the mobility but is actually an artifact of hopping conduction. (c) A
single mobility-electron density relation is found for both crystals and films studied in this
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work, strongly suggestive of a common dopant, potentially S vacancies. In essence we
proposed that with sufficient understanding of the active transport mechanisms no
discrepancy exists between the carrier type in pyrite bulk crystals and thin films. This
resolved the doping puzzle.
Finally in Chapter 6, some preliminary results with respect to the unintentional dopants
in FeS2 have been presented. Based on the preliminary results shown in this chapter, we
have acquired some important insights about the unintentional n-type doping in the FeS2
thin films synthesized by ex situ sulfidation. The doping mechanism is discovered to be
complicated, not simply correlating to any single experimental parameter in the synthesis
process. Detailed TOF-SIMS studies revealed that the external metal impurities, especially
the transition metal impurities, may limit the film electron density from falling below 5 ×
1018 cm-3. However, these metal impurities do not represent the major n-type dopants in
FeS2 films. The possibility that unintentionally incorporated oxygen causes the doping in
the FeS2 thin films was also considered, although various experimental results seem to be
against this idea. S1 vacancies remain one of the most plausible major n-type dopants in
the FeS2 films and crystals in the current study.
The results shown in this dissertation have thus answered several critical questions for
understanding the electronic transport and doping mechanisms in FeS2 thin films. For
instance, hopping transport caused by nanoscale inhomogeneity was discovered in FeS2
thin films. Such hopping transport can cause poor photovoltaic performance in FeS2-based
solar cells. In addition, most FeS2 thin films were discovered to be n-type, just like single
crystals. Caution is therefore needed when interpreting the sign of Hall or Seebeck
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coefficients in any FeS2 film with hopping transport or even just low mobility.
Furthermore, these results suggest that S1 vacancies are one of the most plausible major ntype dopants in FeS2, although proving this idea with more solid evidence remains a
challenge. Typical EDS and other elemental analysis techniques (Auger, TOF-SIMS, etc.)
are incapable of studying this issue, and thus advanced techniques with more sensitivity to
detect S vacancies are required. S content manipulation and the effects on FeS2 are also
important to study, and these are underway in our group.
There remain several challenges and difficulties for applying pyrite FeS2 as a solar
absorber. First, to fabricate a solar cell based on an FeS2 p-n homojunction, for instance,
the unintentional dopants in FeS2 must be identified so that the doping in FeS2 can be
properly controlled. As briefly discussed in Section 4.6, sulfur annealing of bulk FeS2
crystals may be possible for sulfur content manipulation, so that the impact on electronic
properties can be studied to evaluate the possibility of S vacancies as unintentional dopants.
In addition, S vacancies in FeS2 single crystals can be checked by high-resolution
transmission electron microscopy to estimate the concentration. Furthermore, highresolution X-ray diffraction refinement is also informative for estimating the concentration
of S vacancies in FeS2. Second, reducing the metal impurity incorporation during the FeS2
film synthesis is critical as well, to further decrease the electron density and increase the
mobility. The source(s) of these impurities are required to be understood so that the
impurity introduction can be limited. Further TOF-SIMS studies from as-deposited Fe
films will be helpful to understand the impurity source(s). Third, the approaches for real ptype doping in FeS2 should also be explored, so that the idea of solar cells based on FeS2
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p-n homojunctions, which may have significantly improved performance, can be
eventually achieved. On the other hand, the solar cell based on a FeS2 heterojunction
remains a plausible route for applying FeS2 as a solar absorber. However, decades of
research effort have not lead to the complete understanding of the surface properties of
FeS2, limiting the photovoltaic output in a heterojunction solar cell. Significant amounts of
studies may be still required for addressing several critical issues about the FeS2 surface,
such as surface conduction mechanisms and the bandgap on the surface. Normal and
inverse photoemission spectroscopy is a powerful technique to look at the surface bandgap,
and should be employed.
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