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ABSTRACT OF THE DISSERTATION

Iron Pyrite Absorbers for Solar Photovoltaic Energy Conversion
By
Moritz Limpinsel
Doctor of Philosophy in Chemical and Materials Physics
University of California, Irvine, 2015

Professor Matt Law, Chair

Iron pyrite (cubic FeSs) is an earth-abundant, non-toxic semiconductor with great poten-
tial as an absorber material in future large-scale deployment of solar photovoltaic panels.
The surprisingly small photo-voltage generated by this material (< 0.2 V) has limited its
solar cell efficiency and prevented its commercial development to date. The origin of this
limitation has been discussed over the past 30 years, and is addressed here. Electrical mea-
surements of high-purity single crystals are used to show that there is a thin, conductive
inversion layer on the surface of n-type pyrite. Tunneling of charge carriers across this in-
version layer can result in losses that account for the low voltage of pyrite solar cells. This
finding is in line with experiments presented here that show a clear dependence of electrical
transport properties on the surface-to-bulk ratio of a given pyrite material. The hole-rich
surface can explain why the great majority of pyrite thin films are reported to be p-type
regardless of synthesis technique or composition. A quantitative model for multilayer trans-
port in pyrite is established that can be used to predict the effect of surface passivation, and
methodically evaluate a variety of suggested passivation treatments. Chemical etching, as
well as annealing in certain atmospheres, can substantially reduce the conductivity of the
inversion layer, and further treatments are proposed to eliminate it. Lastly, novel all-solid-
state pn-heterojunction solar cells with pyrite absorbers are presented, that overcome the

0.2 eV photo-voltage limitation. Overall, this work represents an important step towards

xiil



fully understanding the short-comings of pyrite absorbers. A clear path forward, along with
the necessary tools and methods, is shown to enable pyrite to live up to its potential of
becoming a low-cost, non-toxic, earth-abundant absorber material for deployment of solar

photovoltaics on the terawatt scale.

1”7 by 1”7 pyrite thin film with photo-patterned silver logo
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Chapter 1

Introduction

1.1 Solar Photovoltaics as a Renewable Energy Source

One of the great challenges of our time is to find inexpensive, widely-available, clean and
safe alternatives to fossil and nuclear fuels. Clean in this context means without pollution,
emission of green-house gases or other harmful effects on people or environment. Solar
energy fits this bill and is widely expected to continue, combined with other renewable
energy sources, to replace non-renewable energy sources. Solar energy generation can be
divided into three different but often complementary approaches, as shown in figure [I.1]
The first approach is to use the sun’s thermal energy to heat a medium, for example water,
oil or molten salt. This thermal energy can be used for heating, stored in the medium for
later use, or it can generate steam from water to drive turbines, outputting electric energy.
The second approach is to mimic photosynthesis and let the sunlight drive a photochemical
process to create a fuel, for example by splitting water into oxygen and hydrogen. The third
approach is to directly convert sunlight into electric energy via the photovoltaic effect?® in

semiconductors.
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Figure 1.1: Three approaches to harvest the sun’s energy.

The basic principles of a photovoltaic cell are shown in fig. [1.2l The dominant technology
for a long time has been crystalline silicon (Si), and it still is today. Si can be doped n-type
(for example with P) and p-type (for example with B) by thermal diffusion, enabling pn-
homojunctions in the same Si wafer. The such created pn-junction turns into a photovoltaic
cell under illumination, by creating electron-hole pairs (excitons) and splitting them in the

internally created electric field.

Photovoltaic (PV) panels have been used to harvest the sun’s energy for satellites since the
1950s, but their cost has long been limiting them to niche applications such as space travel,
off-grid installations and mobile devices. The last decade however has seen a remarkable
transformation of the PV industry and market. For the first time, generation of electricity
by this renewable energy source became price-competitive with electricity from fossil fuels
without subsidies in many sun-rich countries.?™? This so-called “grid-parity” is driving

massive growth of PV installations world-wide (fig. .
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Figure 1.2: Basic principles of a photovoltaic cell. (a) Diagram showing the device architecture
most commonly used in photovoltaics cells. Light is absorbed in both p-type and n-type layer (for
example Si), creating electron-hole pairs, called excitons. These excitons are split in the internal
electric field, and electrons are collected at the top contact, holes at the back contact.
courtesy of Kurt Struve, SEIA. (b) Schematic energy band diagram for illuminated pn-junction,
illustrating the same process of charge generation and separation. Under these non-equilibrium
conditions, the Fermi level is different in n-type and p-type layer, the difference is the maximum
obtainable photo-voltage Vpoc. Image courtesy of UW MRSEC Education Group.
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This growth in PV installations was driven partially by state initiatives and subsidies, but
more importantly by ever decreasing costs of PV panels (fig. [I.3). This cost reduction was
made possible by intensive research on silicon, the dominant absorber material used for
PV panels, advances in materials science, lean fabrication methods and economies of scale.
In addition to improvements in silicon-based PV technology, new absorber materials were
developed and contributed to keep pressure on the PV industry to reduce costs. the most

notable new materials developed as PV absorbers are CdTe and CIGS.

In order to enable further growth of PV as a global energy source, and for future deployment
on the TW scale, the absorber material has to be inexpensive, nontoxic and earth-abundant.
The fundamental problem with silicon is that its absorption coefficient is so low that absorber
layers have to be about 100 pm thick in order to capture enough light. But the absorber
thickness also has to comparable to the minority carrier diffusion length in order to efficiently
capture charge carriers, which imposes the need for extreme purity on silicon. Single crystal
silicon wafers have to produced by very energy-intensive methods to achieve the necessary
level of purity. While advances in fabrication technology have brought this cost down, this
purity requirement poses a limit to how much further costs can be reduced for silicon-based

PV panels.

1.2 Earth-Abundant Semiconductors for Large Scale

Photovoltaics

The ideal photovoltaic absorber material will be earth-abundant, inexpensive and non-toxic,
to allow mass production. Silicon matches all these. Additionally, there are some require-
ments for material properties. First, the electric band gap should be close to the ideal range

of 1.0 - 1.6 eV, again matched by Silicon (1.12 eV). Second, the absorption coefficient «
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Figure 1.4: Potential for electricity production and raw material cost. Both figures are taken from
[113]. Left: Annual electricity production potential, based on known economic reserves (blue) and
annual production (yellow), for 23 inorganic PV materials. Right: Minimum cost (US cent/W) for
23 inorganic PV materials, base on raw material cost.

should be greater than 10° em~! above the band gap, to allow for ultra-thin absorber layers
that reduce cost and also allow for flexible and light-weight solar panels. This is where Si is
lacking, with o < 10* cm ™! for most of the visible spectrum. Lastly, material parameters like
charge carrier mobilities and lifetimes have to be sufficiently large to make a given absorber

material in a given solar cell architecture efficient.

In a recent study by Wadia et al.,''3 a wide range of potential PV absorber materials was
evaluated for availability and cost for terawatt-scale installation (see fig. [1.4). Iron Pyrite
FeS, topped the list for both metrics, re-sparking research interest in a material that had

been studied in the 1980s and 1990s for solar applications.



1.3 Iron Pyrite FeS,

1.3.1 Review of Material Properties

Iron pyrite FeSy (henceforth referred to as “pyrite”) is an earth-abundant, rock-forming
mineral. As stated above, pyrite has huge potential for inexpensive terawatt-scale generation
of photovoltaic energy. Like silicon, it is earth-abundant, non-toxic and has both suitable
band gap and carrier diffusion length. In addition, its absorption coefficient is about 1000
times higher than silicon’s, allowing for absorber layers as thin as 100 nm. This makes pyrite
a very interesting material to study for PV applications.

Pyrite crystallizes in a cubic Pa3 lattice, that can be envisioned by replacing the the sodium
ions in NaCl with Fe?* ions and the chloride ions with S3~ ’dumbbells’. In its pure form,
pyrite is a semiconductor, but phase impurities that can cause metallic behavior are common
in natural crystals. Upon heating, pyrite loses elemental sulfur and undergoes transitions
to greigite (FegSy), smythite (FegSiq), pyrrhotite (Fe;Sg) and troilite (FeS). Further, there
is another metastable phase of FeSs, the orthorhombic marcasite. Its formation energy is
slightly higher than that of pyrite, so it can be removed by thermal annealing. However, in
order to prevent sulfur loss and creation of the sulfur deficient phase, this thermal annealing

has to be performed in sulfur rich atmosphere.

Pyrite was studied for use in solar photovoltaics in the 1980s and 1990s, most notably in
the group of Helmut Tributsch in Berlin. This was motivated by successful preparation
of phase-pure pyrite thin films and single crystals with suitable carrier diffusion length and
electronic band gap. Experimental values for the band gap have been obtained with different
techniques and scatter significantly, but the most reliable studies agree on a value of 0.9 eV
for an indirect band gap and a direct transition at slightly higher energy.?»°° The valence

band is derived from Fe 3d states, while the conduction band edge is mostly derived from S

3p states (see figure
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Synthetic single crystals of high quality have been grown by chemical vapor transport*’ and

in a tellurium flux.*!

Electrodes prepared from these crystals demonstrated high photo-
currents in liquid junctions to the I~ /I3~ redox couple in electrochemical cells.* However,
the overall power conversion efficiency (PCE) was limited to 2.8 % because of a low open-
circuit voltage (Voc) of only about 200 mV. Several explanation for this unexpectedly low
Voc have been discussed in literature.

(i) Marcasite, the polymorph of pyrite, has long been suspected to have a much smaller band
gap,'%7 thus having detrimental effects even in very low concentrations. However more recent
studies suggests this not to be the case.!0%97

(ii) Sulfur deficiencies in pyrite have been discussed in literature. For nominally stoichio-
metric FeS, there are two possible ways that sulfur deficiencies might be hard to detect, but
detrimental to electronic properties. First, small concentrations of sulfur vacancies (on the
order of 1% or less) would be hard to detect by mass spectroscopy, but could create defect
states in the band gap in significant concentration. Second, small amounts of sulfur defi-
cient, secondary phases with domains on the nm scale would be hard to detect by structural
analysis (XRD, Raman spectroscopy), especially if those phases are amorphous.

(iii) At the surface of a pyrite crystal Fe atoms are under-coordinated with five S atoms
instead of the 6 S atoms octahedrally surrounding every Fe in the bulk lattice. This loss of
symmetry causes the Fe 3d states to lose their degeneracy and split into surface states that
lie within the band gap.

(iv) If the band gap is significantly lower than the generally accepted value of 0.9 eV, this
could easily explain the low V¢ results. Most values reported for pyrite’s band gap are ob-
tained from optical absorption measurements, which might not be sensitive enough to pick
up a low density of states in a hypothetical tail of states extending below the conduction
band or above the valence band. Careful electric resistivity measurements in the intrinsic

regime are necessary to test this.

As shown in great detail below, the present work rules out explanations (i) and (iv). Expla-
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Figure 1.7: XPS study of sulfur species at the pyrite 100 surface. (a) Assignment of the S 2p
spectral components to the S atoms near the surface, reproduced from Bronold et al. 1994.'
Left: arrangement of the atoms (black dots Fe, circles S) and potential normal to the surface.
Right: magnification of the outermost atomic layers, separation of S atoms into three types, and
assignment to the spectrum. Panels (b) and (c) confirm these earlier results, reproduced from
Caban-Acevedo et al. 2014.1% (b) Circle I shows the intrinsic outermost surface (Sp), near-surface
(NSp) and bulk-like (Bp) disulfide (S37) species. Circle IT shows a representations of the sulfur
monomer (S%27) species resulting from sulfur vacancies (Sp7). (c) S 2p peak comparison between
spectrometers with a geometry of 45° (45° takeoff angle, ~60° acceptance angle) and 90° (45°
takeoff angle, ~4° acceptance angle).

nation (ii) is likely a contributing factor, and the most likely reason for the high concentration
of deep bulk donor states discussed in this work. However, pyrite can never be an efficient
PV absorber material without understanding and passivating its problematic surface (ex-
planation (iii)). The surface is focus of much of this work, which is why a summary of past

findings of pyrite surface characterization is given here.

Figure shows XPS results of a pyrite 100 surface, from a single crystal cleaved in ultra-
high vacuum (UHV), published in 1994 by Bronold et al.'* Upon cleavage, both Fe - S
and S - S bonds must be broken. Single sulfur atoms should have higher electron density

than sulfur atoms in a S35~ dumbbell, and sulfur atoms in a dumbbell right at the surface
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Figure 1.8: XPS study of iron species at the pyrite 100 surface and consequences for electronic
structure. (a) Fe 2p spectrum of the pristine pyrite fractured surface, reproduced from Oertzen et
al. 2006.1"2 The data is fit using bulk Fe?t, as well as blue-shifted Fe?* and Fe3* multiplets due
to Fe-S bond fracture. (b) and (c): Loss of octahedral coordination for surface iron, adapted from
Bronold et al. 1994.'4 The surface Fe>* site coordination is reduced from 6- to 5-fold and from Oy,
(bulk) to Cy, (surface) symmetry, resulting in the two intra-gap states a a; and by shown in (c).
(d) Surface band diagram, reproduced from Bronold et al. 1994.!3 The combination of mid-gap
donor states and surface acceptor states results in a steep potential drop (/20 A) near the surface
and a regular depletion layer of about 1500 A width. Tunneling losses through the narrow potential
barrier at the surface are indicated.

should still have higher electron density than in dumbbells in the bulk. And indeed the XPS
data can clearly distinguish between these three sulfur species (A, B and C). This result
was confirmed by other authors for (UHV cleaved or chemically cleaned) pristine pyrite

82,28,93,112

surfaces. Additional confirmation comes from depth-profiling by angle-resolved

XPS, as shown in fig. .19

While S 2p peaks are more extensively studied to understand the pyrite surface, due to larger
peak shifts that are easier deconvoluted, the Fe 2p spectra confirm the picture of cleaved
Fe-S bonds, without reconstruction of the surface in vacuum. As shown in fig. [1.8a, a UHV-
cleaved pyrite 100 surface exhibits a high-energy tail on the Fe 2p peak. This tail can be
deconvoluted into contributions from Fe?* and Fe?T surface species. The Fe?" surface energy
is shifted relative to the Fe?™ bulk energy due to loss of octahedral coordination (fig. )

The loss of symmetry results, according to crystal field theory, in a splitting of the Fe 3d
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orbitals (fig. [L.8b) and introduction of two electronic defect states. The first, derived from
the e orbital and denoted a; in fig. , is close to mid-gap, while the second, derive from
the to, orbital and denoted by, is close to the valence-band (VB) maximum. It is likely
that a; acts a s a deep donor and by acts as a shallow acceptor state. It was suggested
by Bronold et al. that this symmetry-reduction, caused by S-vacancy point-defects, is also
causing deep donor states in the bulk, and results in a band diagram as shown in fig. [I.8d. In
this scenario, a very steep band bending near the surface would enable tunneling losses that
limit the photo-voltage V¢ in pyrite.!? However, more recent DFT calculations seem to rule
out a significant number of S-vacancy states in the bulk, at least as simple point-defects.®?

As mentioned, he high-energy tail of the Fe 2p peak has a contribution from surface Fe3*.
This species is likely formed by charge transfer to lone S~ that was created by homolytic S

- S bond cleavage, making it monosulfide S?~, which is also observed in XPS (eq. (1.1)) and

eq. (1.2)).

i (1.1)

ST+ Fet — %7 4+ Fe?t (1.2)

It should be noted that Fe3* is observed on surface cleaved in UHV, without any oxygen
present.®? 112 However, these Fe3' sites are an important intermediate for surface oxidation

in the presence of O5 or HyO. An oxidation mechanism in ambient conditions proposed by

Schaufuss et al.”® is shown in fig. [1.9}
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Figure 1.9: Oxidation mechanism for the pyrite surface, after Schaufuss et al.® (a) Vacuum-
fractured surface after charge transfer from Fe(IT) to S™. (b) Surface after oxidation of S?~ and
adsorption of oxygen at Fe(III) surface sites. (c) Electron transfer from adjacent Fe(II) surface
sites, producing new Fe(III) sites equivalent to the initial Fe(III) centers. (d) Result of the electron
transfer from adjacent bulk Fe atoms forming the Fe(III) sites in the bulk, which may propagate
oxidation into the depth. Figure reproduced from [79].
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1.3.2 Open Questions

While all reports agree that low open circuit voltage (Voo < 0.2 €V)) is the main reason
for poor solar cell performance, the cause of this problem is not well understood yet. As
mentioned above, Bronold et al. suggested a mechanism that is consistent with most reports
published to date,!*'? but direct observation and quantization of the surface defect state is
still lacking, keeping discussions about other possibilities, like nano-scale phase-impurities,
alive. A few open question regarding pyrite’s suitability as a solar absorber material remain,
and will be addressed in this work. For example it is puzzling that all (nominally intrinsic)
thin films are p-type, while all (nominally intrinsic) single crystals are n-type. There is also
some doubt about the whether the electronic and optical band gaps really agree with the
long-accepted value of 0.95 eV, or if maybe one is smaller. Further, a change of electrical
transport mechanism at low temperatures is observed, along with an uncommon minimum

and sign change in the Hall coefficient Ry, neither of which are understood yet.

1.3.3 Scope of This Work

This work addresses and answers a number of open questions regarding pyrite’s material
properties and suitability as a solar absorber. It represents an important step towards fully
understanding the short-comings of pyrite absorbers, and developing the methods necessary
to enable pyrite to live up to its potential of becoming a low-cost, non-toxic, earth-abundant
absorber material for deployment of solar photovoltaics on the terawatt scale.

Chapter [2| gives an overview of all experimental and computational methods used in this
work. Chapter [3| summarizes important findings on a variety of pyrite thin films, that were
characterized regarding their electrical transport properties and later used to fabricate solar
cells, along with findings on other thin films relevant for these solar cells. The electrical

transport properties of these thin films are compared to macroscopic single crystals as well
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as mesoscopic systems in chapter , demonstrating the dependence on surface/bulk ratio.
This dependence on surface properties is then discussed in more detail in the same chapter,
and a quantitative transport model is introduced that takes into account parallel transport
in bulk and surface. Base on this model and ultra-high purity single crystals, preliminary
results on surface passivation are presented. Chapter [5| presents work on pyrite solar cells,
including novel, all solid state pn-heterojunction thin film solar cells, that overcome the 0.2
eV photo-voltage limitation. Finally, chapter [6] summarizes the whole dissertation and gives

suggestions for follow-up work in order to maximize its impact.
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Chapter 2

Methods

2.1 Synthesis of Iron Pyrite

Pyrite single crystals of regular shape and impressive size can be found in nature, purchased
inexpensively and have been used in many scientific studies before. However, it was found
after some initial experiments that their often poor elemental purity results in large variations
of electronic properties, making these crystals unfit for meaningful analysis of fundamental
material properties. High-purity pyrite samples, both single crystals and polycrystalline thin

films, were thus synthesized by a number of methods as described below.

2.1.1 Chemical Vapor Transport (CVT)

A carrier gas like Bry or Cly can be used to transport pyrite in a quartz tube across a temper-
ature gradient from high to low temperature.*® At the cold end, one or more single crystals
will nucleate and grow over the course of several days. Guided by previously published re-

sults, single crystals up to 3 mm in size were grown using the following procedure:
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a #’ S Evacuated quartz tube with pure

elemental Fe and S (1:2)

‘ 1) Annealing at 600°C for one day
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2) Transport in temperature gradient for 7-10 days
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Figure 2.1: Chemical Vapor Transport (CVT) method for growing phase-pure pyrite single crystals.
(a) Schematic showing the two reaction steps for 1) obtaining polycrystalline FeSs and 2) growth
of monocrystalline FeSy. (b) A magnetic field is used to separate the FeSy precursor from magnetic
Fe,S, phases after step 1.

Polycrystalline precursor material was obtained by reacting elemental iron powder (4N pu-
rity) and elemental sulfur (5N purity) in a molar ratio of 1:2. The reaction took place in
evacuated quartz tubes at 600 °C for one day. The resulting material was always a mix of
pyrite FeSy and pyrrhotite FeS, (determined by X-ray diffraction (XRD)), along with some
sulfur left unreacted in the quartz tube. This is a result by reaction kinetics: the diffusion
of sulfur through pyrrhotite is orders of magnitude slower than through iron.”™ One solution
to this is to finely grind the mixed material, add sulfur and repeat the reaction, increasing
the pyrite content every time. But another method was found to be more practical and
time-efficient. A strong magnet was used to filter out the ferrimagnetic pyrrhotite leaving
behind the diamagnetic pyrite (fig. . This method worked well to obtain multiple grams
of pyrite precursor material per batch. The chemical vapor transport (CVT) was then car-
ried out by adding FeBry or FeCly (5N purity) to the pyrite precursor in a quartz tube of
about 15 cm length and placing it in a temperature gradient of 680 to 550 °C. After 7 - 10

days, multiple pyrite crystals up to 26 mg in size were found at the cold end.
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Figure 2.2: Na-S binary phase diagram (data from [91]). Mixtures of NasS and S have eutectics as
low as 240 °C. There is also a region of binary liquid immiscibility above 253 °C near the sulfur-rich
end of the system.

2.1.2 Flux Growth

Our lab developed a novel method of flux growth for pyrite single crystals that yields single
crystals up to 1000 mg in a single day. The method was introduced by Nick Berry and
improved upon by Nima Farhi, and provided high-quality pyrite single crystals that were so
crucial for this work. The following procedure is published in [70].

Pyrite single crystals were synthesized in sodium polysulfide lux®*® by heating an evacuated
quartz ampoule containing a crucible filled with high-purity iron, sulfur, and NayS to 780 °C
and cooling to room temperature over ~24 hours. NayS-sulfur is an excellent flux for pyrite
crystallization because it is liquid over a wide range of composition and temperature (see
fig. , shares a common anion with pyrite, and features a cation that does not incorporate
into pyrite to any significant degree (< 200 ppb according to secondary ion mass spectrometry

measurements (see table [4.1)).
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Starting materials of the highest available purity (metals basis) were further purified each
to remove possible nonmetal impurities such as water and oxygen. Iron powder (99.998%,
22 mesh, Alfa Aesar) was loaded into a pyrolytic boron nitride (pBN) crucible and reduced
in a quartz tube furnace in a flow of 5% H,/95% Ar at 300 °C for 15 hours to remove water
and surface oxides. Higher temperatures (> 450 °C) led to undesirable agglomeration of
the iron powder. Sulfur powder (99.9995%, Alfa Aesar) was degassed and dried in a quartz
flask under a dynamic vacuum of “30 mTorr at 130 °C for 3 hours. NayS-9H,O (> 99.99%,
Aldrich) was crushed, then dried and degassed in a quartz flask under a dynamic ~30 mTorr
vacuum at 300 °C for 5 hours, resulting in a mixture of fine colorless and yellow powder
(NagS and polysulfides, respectively). After purification, all three starting materials were
immediately transferred to an Ny-filled glovebox (< 0.1 ppm O, LC Technologies) without
exposure to air.

Pyrite crystals were grown in alumina crucibles (99.5%, LSP Ceramics) or pBN crucibles
(99.999%, Morgan Technical Ceramics) sealed in evacuated quartz ampoules. All procedures
were performed rigorously air free. 0.50 grams of iron (8.9 mmol) was placed in the bottom
of the crucible, followed by 0.71 grams of NayS (9.1 mmol) and 1.29 grams of sulfur (40.2
mmol). The crucible was then loaded in a quartz tube and the tube was connected to a
vacuum hose with a closed isolation valve. This apparatus was removed from the glovebox,
attached to a vacuum manifold, purged with 99.999% Ar, pump/purged to < 20 mTorr
three times, and sealed at < 20 mTorr with a hydrogen/oxygen torch. The quartz ampoule
was held vertically the entire time to avoid mixing or spilling the contents of the crucible.
The ampoule was placed in the center of a vertical tube furnace, heated at a rate of 13 °C
min~! to 780 °C, held at 780 °C for 6 hours, cooled to 625 °C over 24 hours, and finally
cooled naturally to room temperature over 5 hours (36 hours total). The crucible was then
removed from the ampoule and placed in a beaker of Millipore water for several hours to
dissolve the flux. 80% of the time this procedure results in one large pyrite crystal, while

several smaller crystals are produced 20% of the time. The crystals are sonicated in Millipore
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water to remove flux residue, rinsed many times with Millipore water, dried, and stored in

the glovebox.

2.1.3 Chemical Vapor Deposition (CVD)

Our lab developed a novel method to grow thin films of polycrystalline pyrite on a variety
of substrates by Chemical Vapor Deposition (CVD). The method was introduced by Nick
Berry and later used by Nima Farhi to produce high-quality pyrite thin films that were so
important for this work. This work focuses on the electrical properties of these thin films,
and only a summarized procedure is given below. They are fully discussed in [6].

Pyrite thin films were grown in a homemade atmospheric pressure hot wall chemical vapor
deposition reactor consisting of two collinear single-zone 1 in. quartz tube furnaces. The
upstream furnace was loaded with an alumina boat containing iron(III) acetylacetonate
(>99.9%, Aldrich) at 150 °C, while the downstream furnace was heated to 300 °C and served
as the growth zone. The sulfur precursor, tert-butyl disulfide (97%, Aldrich) was introduced
directly into the growth zone by vapor entrainment in an argon flow from a stirred bubbler
held at 60 °C in an oil bath. Flow rates for the iron and sulfur precursors (150 and 350 sccm,
respectively) and a separate argon stream (500 sccm) were controlled by three digital mass
flow controllers (Aalborg). A plug of quartz wool placed immediately upstream of the growth
furnace was used to mix the precursor vapors to achieve uniform CVD growth on substrates
loaded in a row within the quartz reaction tube. Soda lime glass substrates were cleaned
by acetone and isopropanol and then placed in a NOCHROMIX cleaning solution overnight,
followed by a DI water rinse. Molybdenum-coated glass, silicon, and quartz substrates were
sonicated in acetone and isopropanol and then dried with ultra-high-purity nitrogen.

Sulfur annealing was performed in 14 mm inner diameter quartz ampoules loaded with a film
and a predetermined mass of solid elemental sulfur (99.999%, Alfa Aesar). Loaded ampoules

were evacuated and purged with 99.999% argon three times and then evacuated to < 20

19



mTorr and flame sealed with an oxygen-hydrogen torch. Sealed ampoules were placed in a
programmable box furnace set to ramp to the desired temperature in one hour and dwell
at that temperature for 2 — 8 h before cooling down naturally. Ampoules were placed in
the furnace such that bulk sulfur would not condense on the films upon cooling. See [6] for

details.

2.1.4 Pyrite Ink

Our lab developed several novel methods to grow thin films of polycrystalline pyrite on a
variety of substrates by solution-phase deposition.””™ 116 Two of these methods, both using
a novel molecular ink recipe, supplied pyrite thin films that were important for the present
study, so they shall be briefly introduced here. The first method was developed by Sean
Seefeld, details are published in [97]. The second was developed by Amanda Weber, details

in [116]

2.1.4.1 Fe(acac); Recipe

A spin-coating ink was prepared by dissolving 0.7 g of Fe(III) acetylacetonate (2 mmol) and
0.1 g of elemental sulfur (3.1 mmol) in 2 mL of pyridine and sonicating the mixture at 50
°C for 6 h. Molybdenum-coated glass substrates were used as received, while fused quartz
substrates were cleaned by sonication in acetone and isopropanol. Ink films were made by
spin coating 175 uL of the solution onto clean 1 in.? substrates (2000 rpm for 60 s) in a
No-filled glovebox. The sample was then placed on a cold hot plate and heated in air to 320
°C (for 1 mm thick substrates) or 370 °C (for 3 mm thick substrates) over the course of 10
min, after which it was immediately moved to the edge of the hot plate to cool for 5 — 10
s and placed in a cool Petri dish. Two additional deposition and baking steps were used to

produce films with a target pyrite thickness of ~300 nm. The ink films were then annealed
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in 1 atm of flowing HyS gas (390 °C for 12 h) to yield mixed-phase pyrite/marcasite thin
films. The marcasite impurity was eliminated by annealing the films in evacuated 125 x 14
mm? quartz ampules containing 100 mg of elemental sulfur and 100 mTorr of argon. See

[97] for more details.

2.1.4.2 Elemental Precursor Recipe

Ink synthesis and deposition were carried out inside an Ns-filled glovebox. To make the
molecular ink, 0.16 g (5 mmol, 1 M) of sulfur powder was dissolved in 4.3 mL of DMSO
and 0.7 mL of ethanolamine (ETA). The mixture was stirred at room temperature for 12-
16 h in a glovebox. Then, 0.093 g (1.67 mmol, 0.33 M) of iron powder was added and
the solution stirred for an additional 20-24 h. To remove any agglomerates, the inks were
centrifuged (4400 rpm, 1.5 min) immediately prior to deposition. Ink layers were deposited
onto various substrates (glass, silicon, Mo-coated glass, quartz) by spin coating (2000 rpm,
20 s), then baked on a preheated hotplate at 320 °C for 3 min and cooled on the edge of the
hotplate to room temperature. Two cycles of spin coating and baking were used to obtain
“300 nm thick films. Quartz and boro-aluminosilicate glass substrates (Corning Eagle XG)
were soaked in NOCHROMIX overnight, sonicated in acetone and isopropanol, rinsed with
Millipore water, and dried with compressed air. Silicon substrates were cleaned as stated
above except without the NOCHROMIX soak; once dry, the Si substrates were cleaned in Oq
plasma for 40 s and used immediately. Mo-coated glass substrates were prepared by sputter
deposition, see section [2.2.1] The dried ink films were then annealed in 1 atm of flowing HyS
gas at 390 °C for 12 h, except for films on glass which were annealed at 350 °C using a 6 h
ramp and a 6 h dwell. Since these “HyS annealed” films contain both pyrite and marcasite,
they were subsequently annealed in evacuated quartz ampoules containing 25 mg of sulfur
(0.3 atm) and 100 ug of NayS at 500 °C for 3 h to produce phase-pure pyrite films. The

NayS was added via pipette of a solution of NayS in methanol. Substrates were placed 3
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cm from one end of the quartz ampoule to prevent NayS or sulfur from condensing onto the

surface of the films. See [116] for more details.

2.2 Deposition and Patterning of Thin Films

In addition to pyrite thin films, other materials were deposited for solar fabrication and
evaluation of surface passivation treatment. These deposition techniques are described in

this section, along with a method to pattern pyrite thin films using photo-lithography.

2.2.1 Sputter Deposition

Sputtering, also called physical vapor deposition, is a common tool to deposit thin films of
a wide variety of materials uniformly on almost any substrate. Ionized gas atoms (typically
Ar™) are accelerated onto the surface of a target material, physically removing cluster of
atoms, which then fly towards and stick on the substrate. Reactive sputtering adds reactive

gases like oxygen to the Ar gas in order to grow oxides, sulfides or nitrides.

Figure|2.3|shows diagrams for a typical magnetron sputtering setup, like the one used for this
work in bottom-up geometry. The target sits on top of an arrangement of magnets, on top
of a water-cooled electrode that is powered by either direct current (DC) or radio frequency
(RF) power supply. The electrons of the plasma are confined to a certain area above the
target by the magnetic field, which increases sputtering yield compared to sputtering without
magnetic fields. Plasma dynamic are quite different for DC and RF excitation. Electrons
can follow the 13.56 MHz RF frequency, while the heaver ions due to their inertia cannot.
The necessary discharge voltage Vpc measured at the target is several times larger in DC
sputtering.

For this work, a seven source magnetron sputter tool (AJA International Inc.), attached to
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Figure 2.3: The technique of magnetron sputtering, by Ellmer et al.3° (a) Diagram of a magnetron
sputtering setup, with both RF and DC power sources connected to gun and vacuum chamber.
Typical plasma parameters (ion density Ngq4, electron density n., plasma temperature T,) for a
magnetron plasma during ZnO deposition are shown. (b) Potential distribution in a DC powered
magnetron sputtering discharge for ZnO deposition. (c) Potential distribution for RF powered
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magnetron sputtering discharge. Figure reproduced from [30].
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Film Material Target Purity | Supplier | Power (W) par (mTorr)
Mo Mo 35N | AJA | 180 (DC) 2.0
Fe Fe 35N | AJA | 180 (DC) 2.0
7nS 7nS IN | SAM | 75 (RF) | 2.2 (0- 2% H,S)
Cds ZnS IN | AJA | 60 (RF) |23 (0-2% H.S)
7n0 710 15N | SAM | 75 (RF) 2.9 (2% O5)
AZO ZnO:Al (5%) | 4N | SAM | 110 (RF) 2.0
NiO Ni 35N | AJA | 100 (RF) | 2.4 (2- 15% O»)

Table 2.1: Target properties and typical deposition parameters used for magnetron sputtering.
AJA = AJA Internatonal Inc., SAM = Stanford Advanced Materials, DC = Direct Current Power,
RF = Radio Frequency Power

a glovebox for air-free sample handling, was used to deposit a variety of metal, oxide and
sulfide thin films in bottom-up geometry. Typical base pressure before deposition was 8E-8
Torr. Argon and oxygen gas (both 5N purity) were connected to the chamber via mass-flow
controllers (MFCs). Two sources of Hy gas were also connected via MFCs: a 2% Hsy in 98%
Ar lecture bottle and a 100% Hj tank, both in safety cabinets with sensors ad engineering
safety mechanisms. A dry roughing pump (Adixen ACP15G) with corrosion resistance was
used behind the turbo molecular pump (Shimadzu TMP-803LM) to ensure compatibility
with the HoS gas. In order to prevent thermal shock all ceramic targets were subject to
power up/down ramps of ~3 s/W, all metal targets to ~1 s/W. Sputter target properties
for all relevant materials and their typical sputter conditions are summarized in table [2.1]
For definition of film patterns a number of stainless steel shadow masks were fabricated that

could attach to the substrate holder, as shown in fig. [2.4]

Sputtering a magnetic material like Fe presented special challenges. A modified magnet
arrangement was used inside the gun, with the center array of magnets replace by an iron
chuck. Because the target screens the magnetic field to some extend, high power and high Ar
partial pressure (> 100 mTorr) was necessary to ignite a plasma. Further, the magnetized
Fe target was prone to shorting due to magnetic attraction to metal flakes formed in the

sputter chamber, which made maintenance necessary often.
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Figure 2.4: Shadow mask for sputter deposition and resulting quasi-random patterns on the backing
plate. The top left image shows one of the shadow masks used for sputter deposition. It is machined
from stainless steel to hold 28 (glass) substrates of 12 x 12 mm size. The other images shows patterns
found on the backing plate of the substrate holder after several deposition runs with different masks.
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Figure 2.5: Issue of target surface control and partial pressure hysteresis in reactive sputtering. The
diagram on the left is taken from [100] and shows the ’poisoning’ of a metal target (Ti) observed in
reactive sputtering. The activated gas here is Ny, causing oxidation of the metal to TiN. Varying
the gas flow rate results in a hysteresis loop of the partial pressure. Without feedback control it is
hard to maintain a well defined surface stoichiometry. The images on the right are taken from a
7ZnS target used in this work, after prolonged sputtering with different HyS contents in the plasma
(increasing HyS exposure from top to bottom). They qualitatively correlate to the target conditions
in the diagram, as indicates by the red arrows.

Compound semiconductors like ZnS, ZnO, NiO and TiN can be sputtered either from a
metal target (Zn, Ni, Ti) using a reactive gas supply (Hg, Og, N3), or from ceramic targets
of the desired compound. In both cases, good control over the target surface condition is
crucial to obtain the desired film stoichiometry. Reactive sputtering is commonly done in
industry using feedback control to prevent the hysteresis effect shown in fig. To ’lock in’
the target surface at a desired deposition condition (usually optimized for deposition rate or

film stoichiometry), a pressure reading is used as feedback to control the flow of reactive gas

via an MF(C.100

Particularly relevant for this work (see section it was found that nominally identical
ZnS targets (same vendor) give different results and that a single target gives different results
over its lifetime, likely due to changes in the surface composition (see fig. [5.8¢). This went
along with observed changes in the Vp¢ voltage during deposition ranging from 0 to 270

V. Variations in solar cell results suggested a strong dependence of ZnS film properties
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on HsS concentration and ZnS target surface stoichiometry. This was confirmed by test
stacks of Mo/AZO/Zn0O/7ZnS/7Zn0/AZO /Mo containing ZnS layers deposited back-to-back
using different HoS concentrations. As shown in fig. the through-plane resistivity of the
ZnS film is orders of magnitude higher when even small amounts of HoS are present in the
plasma, in this case the measured current is in the noise floor of the setup used. No change of
appearance or morphology in SEM images (fig. ) for different HyS content was observed.
For future studies of ZnS/FeS, junctions made by reactive sputtering of the ZnS buffer, it

will be necessary to implement feedback control for the Hy gas supply.

2.2.2 Thermal Evaporation

Thermal evaporation is a common tool to deposit metal thin films uniformly on almost any
substrate. In an evacuated chamber the metal of choice is resistively heated to increase its
vapor pressure, resulting in typical deposition rates of A /s.

For this work, a homemade two source thermal evaporator inside a nitrogen-filled glovebox
was used to deposit metal thin films in bottom-up geometry. Base pressure was 3 x 107°
Torr and typical deposition rates were 0.5 - 2.0 A/s. A calibrated quartz crystal was used

to monitor deposition rate.

2.2.3 Atomic Layer Deposition (ALD)

Atomic Layer Deposition (ALD) is a method of depositing oxides and sulfides in an atomic
layer-by-layer fashion, with growth occurring on every surface of the substrate that is acces-
sible to the reactive gases used. This makes it a very powerful tool for surface passivation
of polycrystalline films, where internal surfaces are inaccessible to other deposition methods
like sputtering.

For this work, crystalline ZnS was deposited in a homemade continuous wave ALD system
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Figure 2.6: Pyrite thin film on Mo-coated glass patterned by photolithography shown in (a) SEM
top-down and (b) cross section view.

inside a nitrogen-filled glovebox using diethylzinc (DEZ) and hydrogen disulfide (H,S) at a
substrate temperature of 100 °C and a base pressure of 100 mTorr. Pulse and purge times
for DEZ were 30 ms and 30 s, respectively. Pulse and purge times for HyS were 9 ms and 30

s, respectively.

2.2.4 Photolithography

Patterning of pyrite thin films was found to be a necessary step in the fabrication of solar
cell devices (see section . Though shadow masks were successfully used to pattern the
deposition of films via CVD, photo lithography was found to be a more precise for patterning
and moreover also applicable to pyrite films made via the ink method. Since the majority of
solar cells fabricated for this work were based on pyrite films grown on a Mo back contact,
which partially converts to MoSs in the necessary sulfurization step (see section , it was
important to identify an etch that selectively dissolves the pyrite film, but leaves the back
contact intact. It was found that 10 M nitric acid is suited for this, as described in the
following recipe.

Pyrite films on Mo/MoS, were taken out of their ampules after the sulfurization step (see
section section , taken to a yellow light room and spin-coated with photo-resist
(Shipley 1808) at 2500 RPM for 40 s, followed by 6000 RPM for 5 s. The resist was then
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soft-baked at 90 °C for 1 h in air, followed by exposure to UV light (400 W for 2.5 s)
through a contact shadow mask (printed transparency). The films were then developed for
30 s in MF-319, followed by a rinse in DI water and blow-drying in nitrogen. To remove the
unprotected areas, the pyrite films were then dipped for 12 s into 10 M nitric acid, followed
by a DI water rinse. Finally the resist was removed by swirling in acetone, followed by a
rinse in methanol and blow-drying in nitrogen.

A similar procedure was used to define a sharp edge for Mo films. Instead of 10 M nitric
acid (which does not etch Mo), a 2:3:3 mixture of nitric acid (conc.), phosphoric acid (conc.)

and water (DI) was used to etch Mo in 12 s.

2.3 Preparation of Single Crystal Samples

2.3.1 Sectioning and Polishing

For many electronical and especially optical characterization techniques it is crucial to have
a semiconductor surface with known crystal orientation and minimal roughness. Atomic
flatness of a semiconductor surface is an important requisite for accurate determination of
optical properties (providing perfect mirror-like reflectivity) as well as many surface science
tools. Great care was taken to identify optimum conditions for sectioning, polishing and
characterizing pyrite single crystals. Qualitative surface appearance and flatness along with
calculated RMS roughness were evaluated using atomic-force microscopy (AFM) in tapping
mode, giving a z-direction resolution of < 100 pm.

Single crystals were mounted in epoxy (Buehler EpoxyCure) for sectioning. A slow-speed
diamond saw (Model 650, South Bay Technology) was used to cut 400 — 1000 mm thick slabs
from crystals parallel to their largest surface facet. The slabs were then released from the

epoxy by soaking in dichloromethane for 2 hours. To obtain fine-polished surfaces with < 2
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Figure 2.7: Atomic-force microscope images demonstrating pyrite single crystal slices polished to
atomic flatness. Left: 20 x 20 pm scan box showing atomically flat surface over extended area,
sprinkles with nm size pyrite particles (confirmed by EDS). RMS roughness calculated over this
area is only 0.79 nm. Right: 700 x 700 nm scan box showing showing atomic flatness and unit
cell step edge. The inset shows the z-height for the section show in red, confirming a step height
equaling the unit cell dimension of 542 pm.

nm RMS roughness, as-cut slabs were mounted on steel stubs with Crystalbond? | then first
polished sequentially with SiC paper of grit size 600, 800, and 1000, followed by sequential
lapping with 3 pm and 1 pm diamond slurries and, finally, 20 minutes of lapping with 50
nm alumina slurry (Buehler MasterPrep). Crystalbond”™ was dissolved with acetone and

residual slurry particles were removed by sonication in Millipore water.

2.3.2 Wet Passivation Treatments

In an attempt to remove or reduce the surface inversion layer (see section , several wet
passivation treatments were evaluated. The most successful and most frequently applied
treatment was an etch in piranha solution. Etching was carried out using freshly prepared
piranha solution (3:1 concentrated HySO4 to 30% Hz02). Unless otherwise noted, samples
were immersed in piranha for 2 minutes and then rinsed with deionized water and methanol

and blown dry.
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2.3.3 Fabrication of Pellets

To test how the surface to bulk ratio in the same material affects electronic properties of
pyrite, high-quality single crystals grown by the CVT or flux method were ground into fine
powder and pressed it into pellets, drastically increasing the surface to bulk ratio. The
powder obtained by hand-grinding with mortar and pestle had particle sizes ranging from
100s of nm to several um (as determined by SEM imaging of powder suspended in MeOH,
drop-cast on Si wafers). Even smaller particle sizes on the order of 100 nm, comparable to
grain sizes in the pyrite thin films, could be obtained by ball-milling pyrite powder over 24
h with zirconia beads in EtOH. A quantification of average particle size was not attempted,
as sige distribution was very broad in every batch. More monodisperse powers might be
obtainable by using different ball-milling conditions or employing mesh filters. The pressing
step utilized a heavy-duty hydraulic press and machining steel grade dies. The powders were
pressed under 200,000 psi at room temperature for 5 min into pellets of 10 mm diameter
and 1 mm thickness, suitable for electrical measurements. The pellets were typically 40 -
50% dense (w.r.t. pyrite’s bulk density), and required careful handling in order not to break

apart.

2.3.4 Electron Beam Lithography (EBL)

Another way to test how the surface to bulk ratio in the same material affects electronic
properties of pyrite, is to compare electrical properties of thin film to those of one of the
single grains the films are composed of. However, while measuring the film is trivial, con-
tacting a single grain is somewhat challenging. Prolonged annealing in sulfur atmosphere
can yield grains up to 5 pym in size.!'® These grains were drop-cast onto SiO, substrates,
and electron-beam lithography (EBL) was used to define contact lines to individual grains.

All EBL writing steps were performed using a FEI Magellan electron microscope. NPGS
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software (JC Nabity Lithography Systems) was used to program the microscope to automat-
ically write the desired patterns by exposing the resist with a pre-determined dose.

Step 1: 100 areas with contact bars were defined, called 'boxes’. For this, a 200 nm thick
film of poly(methyl methacrylate) (PMMA, MicroChem A3) was spincast on a clean SiOq
substrate at 1200 RPM, followed by a baking step (5 min at 150 °C in air). The PMMA was
then exposed using NPGS and developed by immersion for 70 s in a 3:1 mix of isopropanol
(IPA) and methyl isobutyl ketone (MIBK), followed by 10 s in pure IPA and 10 s in DI water.
100 nm of Ag or Au were then deposited by thermal evaporation, followed by a lift-off step
in acetone.

Step 2: Pyrite grains were dispersed from their glass substrates by sonication in methanol
and then drop-cast onto the substrate containing the 100 boxes. SEM imaging was used to
find and record the exact position of grains of interest within certain boxes.

Step 3: The PMMA deposition and soft-bake from step 1 was repeated. Prior tests con-
firmed that this processing step does not change the position of > 80% of pyrite grains.
Using the SEM in imaging mode, the boxes of interest were then once again identified and
aligned, taking great care to use only very short imaging times (’snapshots’) in order to pre-
vent exposure of the PMMA. Relying on the precise x-y-stage of the instrument, the beam
was then centered ’blindly’ (without imaging) centered on a grain of interest, guided by the
previously taken image. Aligned this way, NPGS was then used to write four lines of ~100
nm width from the grain to the four surrounding contact bars (see fig. 2.§)). Necessary length
and angle of the lines was also know from the previously taken images. The same deposition
and lift-off steps as in step 2 were then used to obtain Ag lines. The completed samples were

then imaged again by SEM to evaluate the contacts on the grains of interest.
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Figure 2.8: Electron Beam Lithography (EBL). (a) Schematic showing the process steps involved to
create a (metal) feature on a substrate. Image adapted from Elionix Inc. (b) Test pattern written
into PMMA using FEI Magellan SEM and NPGS software at UCI’s LEXIT facility.

2.3.5 Ohmic Contacts

Ohmic contacts are electrical contacts to a test sample that have no energy barrier associated
with the contact itself and the entire voltage drop happens across the sample. An important
characteristic of such a contact is that the current-voltage curve is linear through the origin
at all temperatures. Ohmic contacts are important for electrical measurements of semicon-
ductors, though some methods such as the Van der Pauw method somewhat alleviate the
need for perfectly ohmic contacts.

Making ohmic contacts to pyrite thin films was found to be very easy, with every metal
tested giving good results. Placing naked test pins directly on the film worked well enough,
but typically a silver contact was made using colloidal silver paste to reduce mechanical wear
on the film and increase reproducibility.

Ohmic contacts on single crystals are a little harder to achieve, especially for high-purity
crystals and low temperatures. It was also found that not all facets (200, 111, 110, etc.) give
equal results. For best results, the single crystal area for contacting was carefully scratched
with a diamond scribe to locally increase surface roughness and expose all facets. An In/Ga

eutectic was then applied, followed by colloidal silver paste.
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2.4 Structural & Elemental Characterization

As pyrite FeS, has a polymorph, marcasite, as well as a tendency to form sulfur-deficient
phases like pyrrhotite, it is often important to confirm phase-purity of a pyrite sample with
very high accuracy. In order to deduce intrinsic material properties of pyrite, without possible
effects of phase impurities or extrinsic dopants, great efforts were taken to rule out phase

impurities and elemental contaminations with the highest precision.

2.4.1 X-Ray Diffraction (XRD)

Structure determination by single crystal X-ray diffraction was performed on a Bruker
SMART APEX II diffractometer using ~0.2 mm specimens removed from as-grown sin-
gle crystals. Diffraction data were collected on a CCD area detector using Mo Ka radiation
(A =0.71073 A). A full sphere of data was collected for each crystal. The APEX2 software
package was used for data collection and determination of unit cell parameters. Data were
absorption corrected using SADABS-2008/1. The structures were solved by direct methods
and refined by a full-matrix least squares routine on F? with SHELXL97. The diffraction
symmetry was m3 and the systematic absences were consistent with the cubic space group
Pa3.

Thin film X-ray diffraction (including room-temperature rocking curves, 26-w scans, and
pole figures) was performed on a Rigaku SmartLab diffractometer. X-ray rocking curves and
20-w scans were acquired on the SmartLab configured with a Ge(440) x 4 monochromator
featuring an angular resolution of 5.4 arcseconds.

Synchrotron XRD measurements were performed on pulverized crystals in capillary trans-
mission mode at Beamline 11-BM of the Advanced Photon Source (A = 0.413141 A) at

Argonne National Laboratory.
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X-ray tomography measurements were performed on a Zeiss Xradia 410 Versa with a 4x

objective lens.

2.4.2 Raman Spectroscopy

It was found that Raman spectroscopy is a useful complementary tool to XRD when looking
for phase-impurities of low-concentration in pyrite, especially marcasite. Due to the strong
optical absorption of pyrite this method is limited to a few 10s of nm from the surface, and
some phases like pyrrhotite are not Raman active. But to detect or rule out the important
marcasite polymorph, Raman spectroscopy was found more sensitive than regular (non-
beamline) XRD methods.

All Raman spectroscopy utilized a Renishaw inVia confocal Raman microscope with a 50x
objective lens and a 523 nm laser operating at less than 5 mW. Samples were measured in

air.

2.4.3 Mass Spectroscopy

Elemental composition of the crystals was determined by Evans Analytical Group using
glow discharge mass spectrometry (GDMS), instrumental gas analysis (IGA), inductively
coupled plasma optical emission spectroscopy (ICP-OES), and secondary ion mass spec-
trometry (SIMS).

GDMS measurements were performed on a VG 9000 GDMS instrument (Thermo Scientific).
Powdered pyrite specimens were pressed into high purity In foil (99.99999%) previously
cleaned with acid to remove surface impurities. Impurities in the In foil were analyzed prior
to elemental analysis of each sample. Glow discharge conditions of 1.0 kV, 2.0 mA, and
100 Pa of 99.9999% Ar were used for all measurements. Samples were pre-sputtered for

five minutes prior to data acquisition. The intensities of the ion beams were measured with
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a Faraday cup for iron, sulfur and indium isotopes and a Daly conversion detector for all
analytes in the samples. The efficiency of the detectors was calibrated using %°T'a (relative
isotopic abundance of 0.012%) measured on the Daly detector and ®Ta (relative isotopic
abundance of 99.99%) measured on the Faraday cup during analysis of pure Ta metal. Scan
points per peak were 70 channels, DAC steps of 7 with integration times of 100 and 160 ms
for the Daly detector and Faraday cup, respectively.

IGA measurements were performed on a Leco TC 600 oxygen/nitrogen analyzer, a Horiba
EMIA-820V carbon/sulfur analyzer, and a Horiba EMGA-621W hydrogen analyzer. Sam-
ples were prepared in a glovebox by loading small crystal pieces into Sn capsules for the inert
gas fusion measurements.

ICP-OES measurements used a PerkinElmer Optima 7300V spectrometer operating at 1300
W. 0.1 g samples were digested in a closed vessel containing 2 mL HNO3 and 6 mL HCI in
5 mL HyO in an Anton Paar multiwave 3000 microwave (HF100 rotor).

Secondary ion mass spectrometry (SIMS) was performed on a PerkinElmer Physical Elec-
tronics Model 6600 dynamic SIMS instrument using 4 keV Cs ions for anions (S, O, H, C,
F, and Cl) and 5 keV O, ions for cations (Na, K, Mg, Ca, Cr, and Al). Estimated detection
limits were 1E15 atoms cm~ for Na, K, Al, Mg, Cr, and Ca, 5E17 atoms cm 3 for C, 2E18
atoms cm 2 for O and H, and 5E16 atoms cm™ for F and Cl. Atomic concentrations are
accurate to within a factor of two for oxygen and a factor of five for all other elements. The

depth scale was quantified by measuring the analysis craters with a stylus profilometer.

2.4.4 Energy-Dispersive X-ray Spectroscopy (EDS)

Energy dispersive spectroscopy (EDS) is a technique to probe elemental or chemical com-
position of a sample by exciting it with X-rays and detecting emitted high-energy photons

that are characteristic of every elements’s unique atomic structure.
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EDS was performed in the SEM system described below, equipped with an X-ray source and

80 mm? detector by Oxford Instruments, using the with AZtec software package.

2.4.5 Photoelectron Spectroscopy (UPS/XPS)

Angle-integrated UPS spectra were acquired using He I radiation in normal emission using a
customized Physical Electronics Model 5600 photoelectron spectroscopy system.®® Data were
taken at room temperature on “as-polished” crystals and after a NH4F /UV-ozone cleaning
process’® performed within the glovebox portion of the cluster tool, to which the photoemis-
sion system is directly attached. Satellites due to non-monochromatic He I radiation were
subtracted numerically. The binding energy scale of the spectrometer was calibrated using

sputter-cleaned metal foils.

2.5 Optical & Morphological Characterization

2.5.1 Scanning Electron Microscopy (SEM)

All scanning electron microscope (SEM) images were acquired on a FEI Magellan 400 XHR
SEM at UCI's LEXI facility.

2.5.2 Atomic Force Microscopy (AFM)

Surface topography was measured using an Asylum MFP-3D atomic force microscope (AFM)

in tapping (AC) mode.
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2.5.3 Optical Absorption Spectroscopy

Optical transmission and reflectance spectra were acquired on a PerkinElmer Lambda 950
spectrophotometer equipped with an integrating sphere. A Janis ST-100 cryostat was at-

tached for temperature-dependent measurements.

2.5.4 Spectral Ellipsometry

Spectroscopic ellipsometry (SE) was used to determine the pseudodielectric function € =
€1 + 165 spectrum of a natural pyrite single crystal at 77 K. SE data were acquired by Dr.
Sukgeun Choi at NREL from 0.5 to 4.5 eV at 77 K using a rotating-analyzer type ellipsometer
equipped with a computer-controlled Berek wave plate compensator (J.A. Woollam Inc.,
VASE system). The sample temperature was modulated by a liquid-nitrogen cooled variable-
temperature cryostat. The angle of incidence was 70 degrees and the step size was 0.01 eV. To
increase the signal-to-noise ratio, each data point was recorded after averaging 100 analyzer

cycles (100 revolutions per measurement).

2.6 Electrical Characterization

2.6.1 Temperature-Dependent Resistivity and Hall Effect

Hall effect and resistivity data were acquired in-house from 80 to 350 K on an Ecopia
HMS-5000 instrument (0.55 T magnet) inside an No-filled glovebox using the van der Pauw
method.'% Single crystal samples were mounted with thermal grease (Apiezon Type N)
to a glass slide bonded to the sample stage. Thin films samples on insulating substrates

(glass, quartz) were mounted directly with thermal grease. Ohmic contacts were achieved
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Figure 2.9: Hall Effect and Van der Pauw method. (a) Diagram illustrating gemoetry in a typical
Hall Effect measurement, with magnetic field B, applied current I and measured Hall voltage Vg
all perpendicular to each other. The sample of thickness d is perpendicular to B. Image taken from
Wikipedia. (b) Diagram showing the two minimum required measurements required in the Van der
Pauw method. Image taken from the original publication [110].

with In/Ga eutectic or colloidal silver paste in all cases and verified by taking linear current-

voltage curves. The Hall coefficient was calculated as Ry = %l, where Vg is the measured
Hall voltage, d the crystal thickness, I the applied current, and B the magnetic field strength.

The applied current was adjusted from nA to mA range according to sample resistivity.

For the data shown in fig. [£.11], additional Hall effect data were also acquired at Lake Shore
Cryotronics on a Model 9709A Hall Measurement System using a DC field strength of 2 T
from 40 — 350 K and a 8404 AC/DC HMS using an AC field strength of 0.63 T RMS from
350 — 700 K. Ohmic contacts were made with colloidal silver paste. The applied current was
adjusted from 50 — 100 nA at 40 K to 8 — 10 mA at 700 K. Conductivity values from the
different measurement setups showed excellent agreement across the range of overlapping
temperatures. Magnetoresistance measurements were performed in the 9709A system using
a DC field strength of up to 90 kOe. The current at 300 K and 70 K was 10 mA and 100 nA,
respectively. The resistivity at each magnetic field was calculated using the standard van
der Pauw method. Additional high-temperature conductivity data of pyrite were obtained

in a four point geometry by heating single crystals with an as-grown top surface and as-cut
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bottom surface to 750 K on a hotplate inside an N,-filled glovebox. The samples were heated
rapidly (30 — 60 minutes) to minimize the loss of surface sulfur and conversion of the surface
of the pyrite crystal to polycrystalline pyrrhotites (Fe,S,) and/or troilite (FeS). Data were
recorded during both heating and cooling to check for thermal hysteresis due to this surface
phase transition. In all cases, the cooling curve showed an unchanged slope and < 20%
higher conductivity. The applied current was adjusted from 1 mA at 300 K to 10 — 100 mA

at 750 K to account for the change in sample conductivity.

2.6.1.1 Unipolar Approximation

A Hall effect measurement is typically combined with a conductivity measurement, yielding

the two values Ry and o.

2 2

Dy, — T,
Ry — —2Hh = Ble 2.1
T elpun — npe)? (2.1)
o = e(ppn — njte) (2.2)

In order to extract carrier concentrations n, p and carrier mobilities p, pp, (and then calculate
further parameters like Er) from eq. (2.1]) and eq. (2.2)), the unipolar approximation is often

used, which reduces them to

—1 1
Ry=— 13 Ryu=— (2:3)

ne pe

o= —enj, ; 0= eplp (2.4)
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for n-type and p-type materials respectively. However, this approximation is only valid when
n > por n < p. In the high-temperature intrinsic region for example the unipolar approxi-
mation is not valid. It is also not valid for an inhomogeneous semiconductor that has p-type
surfaces and n-type bulk, as discussed in detail in section [£.4.2] For this more complicated
scenarios the unipolar approximation is an over-simplification, yet it is falsely used across
literature, and yields erroneous results. In these cases eq. and eq. cannot be solved

analytically, instead a numerical model is necessary as discussed in section [4.4.2]

2.6.2 Seebeck Coefficient

In a simple setup the sign of the Seebeck Coefficient could be determined for thin films. A
film on insulating substrate (glass, quartz) was placed across a 1 - 2 mm gap between two
identical plates of steel. The first plate was held at room temperature, while the second
plate was pre-heated on a hotplate to 100 - 300 °C and then quickly put into place adjacent
to the first plate. While thermal equilibrium between the steel plates and the sample was
established, a multimeter with needles probes was used to measure the voltage drop across

the film. The sign of this voltage indicates the sign of the Seebeck coefficient.

2.6.3 Carrier Lifetime

The method to measure carrier lifetimes used for this work is called time-resolved microwave
reflectivity (TRMC). Setups at the National Renewable Energy Lab (NREL) and Univer-
sity of Wuerzburg, Germany were used for this, and experiments conducted by Dr. Steve
Johnson and Andreas Fritze respectively. TRMC is based on measuring the reflectance
of microwaves off a semiconductor sample, which is excited by a laser. Excitation by the
laser creates additional carriers, which increases carrier density and thus changes the re-

flectivity for microwaves. Using pulsed laser, lock-in amplifier and time-resolved detection
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of microwave field strength, the decay in carrier density can be recorded. From this raw
data, assumptions about carrier recombination mechanisms must be made to fit the data

and extract carrier lifetimes.

2.6.4 Solar Cell Testing

2.6.4.1 Solid State Cells

Current-voltage curves of solid state solar cells were measured inside a nitrogen-filled glove-
box in the dark and under illumination using tungsten needle probes, connected via shielded
triax cables to a Keithley 2636 source-measure unit (SMU). Cells were illuminated using a
Newport Oriel solar simulator.

Additional temperature-dependent measurements were taken in a Janis ST-100 cryostat con-

nected to the same SMU, using illumination by a tungsten halogen lamp.

2.6.4.2 Wet Junction Cells

Current-voltage curves of solid state solar cells were measured in the dark and under illumi-
nation using a Princeton Applied Research 273A potentiometer in a three-electrode setup.
Pyrite working electrode, platinum counter electrode and Ag/AgCl reference electrode were
placed in an electrolyte solution containing 0.7 M HI, 0.15 M Cal, and 0.03 M I, in acetoni-

trile at a pH of 0.35.
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2.7 Data Modeling

2.7.1 Electrical Transport

Electrical transport in both pyrite thin films and single crystals shows unusual temperature
activation behavior. "Well-behaved’ semiconductors show a temperature-activated conduc-
tivity of the form

(725 )P
o = oge kBT

(2.5)

, where p = 1 for band transport. This form results in straight lines when plotting con-
ductivity data in an Arrhenius plot (log(o) vs. 1/T). Values smaller than unity for p can
indicate one of several forms of hopping as the dominant transport mechanism, though one

should be careful to conclude on hopping transport solely based on this. A useful method to
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extract the value p from raw data by linearizing it was first suggested by Zabrodskii*“> and

d in(p)
d In(T)

utilizes a plot of In(— ) vs. In(T). The slope of such a Zabrodskii plot then corresponds
to -p.

However, Arrhenius plots of conductivity data of polycrystalline films of pyrite do not show
straight lines. These curved Arrhenius plots can be interpreted as a temperature-dependent
activation energy E, = E,(T), and were discussed before for other polycrystalline materials,
such as silicon.”® To explain this, Werner suggested a transport model for such polycrys-
talline films that takes into account grain boundaries acting as energy barriers and a Gaussian
distribution of their height.!'” The resulting form of the resistivity is

,2
p= poeq(é_ingq’}/q/kBT) (2.6)

, where ® is the average barrier energy height and og is its standard deviation.
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Figure 2.10: Conductivity and Hall Effect in a multi-layer system, according to Petritz. Image
taken from [89].

2.7.2 Hall Effect Data and Multilayer Model

Electrical conductivity and Hall coefficient data of pyrte single crystals were modeled fol-

lowing the multilayer conduction model of Petritz,® see fig. [2.10}

In this work, implementation of the model assumes that electrical transport occurs in parallel
through three layers — the crystal bulk and identical surface inversion layers on the top
and bottom of the single crystal slab — while neglecting currents across their interfaces.
Calculation of the Fermi level (Ep), carrier concentrations (n and p), conductivity (o), and

Hall coefficient (Ry) of the bulk and surface layers utilizes the charge neutrality condition:

Ni+p=N,+n (2.7)

where N7, and N7 are the concentrations of ionized donors and acceptors, given by!%

Np
(Ep(T)—Ep)

I+e 8T

N = (2.8)
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Ny
(Ba_Bp(T)

1+€ kT

N, =

(2.9)

Here, Np and N, are the concentrations of donors and acceptors and Ep and E,4 are their

respective energy levels. The carrier concentrations are given by

o

n(T) = | DOS(E) (ﬁ) dE (2.10)
+1

Ec e FBT

p(T) = / " pos(p) (1 - ﬁ) JE (2.11)
- +

0o e kBT

Because the valence and conduction bands of pyrite are probably not parabolic, a parabolic
DOS(E) is compared against an explicit numerical DOS(E) obtained from recent density
functional theory (DFT) calculations of the pyrite band structure.’? In accord with literature

and the optical measurements shown in section [4.4.3 we use a temperature-dependent band

gap, E,(T) = E,0) — T2'0'£(ff§1§vKK71, and assume equal shifting of the conduction and

62,58

valence band edges with temperature. The calculation is performed by substituting

eqs. to into eq. to give a self-consistent expression for the Fermi level Ex(T)
that is numerically solved at each temperature. After calculating n(T) and p(T) from Ep(T),
the conductivity o(T) and Hall coefficient Ry (T) are obtained from the general expressions
given in eq. and eq. above, where the temperature-dependent carrier mobilities m,
and my, are extrapolated from unipolar regions of the Hall data. The electron mobility follows
a T=25 law at temperatures above ~150 K, as expected for phonon scattering. Finally, the

contributions of the bulk and surface layers are combined to determine the total o(T) and
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RH(T)ZSQ

d d,
Crotal = abEb +20,~ (2.12)

Op

)2 4+ 2Ry o (—2 )2 (2.13)

Ototal Ototal

RH,total - RH,b(

where d, and dg are the thicknesses of the bulk and the surface layers, respectively, and
d = d, + 2 dy is the total slab thickness. Overall, there are five free parameters used for
modeling the Hall data (Np, N4, Ep, E4, and my) as well as four quantities parameterized
from experimental data or theory (DOS(E), E4(0), m., d,). Some calculations also included
compensation in the bulk by adding a bulk acceptor with concentration N 4 4, and ionization
energy E4 - Eyy = 50 meV. The calculation routine was implemented in Igor Pro 6.12, see

appendix for the code.

2.7.3 Band Structure

The software program 1D Poisson (http://www3.nd.edu/demand/) by G. Snider was used
to calculate band edge energies and carrier concentrations as a function of distance from
the crystal surface. The inversion layer was modeled by assuming a Schottky barrier at
the surface of n-type pyrite (with Np and Ep taken from Hall effect results) with a barrier
height chosen so that the Fermi level was located ~100 meV above the valence band edge,

in agreement with UPS results.
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2.8 Solar Cell Fabrication

2.8.1 Single Crystal Junctions

Single crystal slabs grown by the flux method (section [2.1.2)) were studied as photoabsorbers

in wet junctions and in solid-state Schottky junctions.

2.8.1.1 Wet Junctions

The record efficiency for any pyrite solar cell to date (2.8% PCE under non-standard spec-
trum?3) was reported for a wet junction with an electrolyte containing the I~ /I; redox couple.
This let us to replicate that setup to test our flux grown single crystals.

Crystal slabs were cut, polished and etched in piranha, then mounted on a conductive wire
and covered in epoxy, with only one facet left free. InGa eutectic and colloidal Ag were used
to make ohmic contacts. The such prepared working electrode was then place in a three-
neck electrochemical cell along with a platinum counter electrode and a Ag/AgCl reference
electrode in a typical three-cell configuration.?®> An aqueous electrolyte was prepared fresh
with 0.7 M HI, 0.15 M Caly, 0.03 M I, (pH = 0.35). The I"/I; redox couple in highly
acidic solutions had been reported in the past to prevent corrosion of the pyrite electrode
and yield best photo-activity.?® The electrochemical cell was connected to a Potentiometer

and measured at different sweep rates in the dark and under illumination with AM1.5G light

from a solar simulator through a quartz window.

2.8.1.2 Solid-state Schottky- and Heterojunctions

Solid-state junctions were made from polished single crystal slabs by depositing a metal

(Schottky junction) or semiconductor (heterojunction) through a shadow mask by thermal
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evaporation or sputtering. The pyrite crystal was contacted on the bottom using InGa
eutectic, colloidal graphite and/or colloidal silver, while the junction material was contacted
either directly with a probe needle or with a small dot of colloidal silver. See fig. for

images and discussion of completed junctions.

2.8.2 Thin Film p-n Heterojunctions

Given that (at least unpassivated) pyrite thin films are p-type, our initial device design was
inspired by commercially successful designs used in CIGS and CdTe solar cells. For this,
a molybdenum back contact was sputtered on pre-cleaned glass substrates. Two different
kinds of glass substrates were tested, the first with high Na content (soda-lime glass), the
second one with very low Na content (borosilicate). Depending on the cell layout used
(see section , the Mo layer was either unpatterned or patterned by sputter deposition
through a shadow mask. The pyrite absorber was then grown on top by one of the methods
described in section [2.1], including all necessary annealing steps to achieve phase-pure pyrite.
The crucial step then is to form a pn-junction to an n-type window layer. For this layer, ZnS
seems a promising candidate: it has been successfully demonstrated in Cu(In,Ga)(S,Se) cells
and has the same lattice constant as pyrite in its cubic phase. ZnS was mainly deposited by
reactive sputtering from a ZnS target, but we also tested chemical bath deposition (CBD).
Alternative junction partners tested were CdS, ZnO and NiO. All additional layers (ZnO,
TCO, metal top contact) were deposited by sputtering. See section for schematics and
SEM cross sections of all device stacks tested.

While many different recipes were tested in the course of this work, this is the detailed recipe
used to fabricate the highly rectifying and photo-active diodes based on CVD pyrite film,
that are shown in fig. and fig. Note that this recipe does not include steps for
patterning. Patterning of layers is necessary to improve reproducibility by avoiding punch-

throughs (see section , but no ideal solution was found and champion devices were
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made without any patterning in the 'mesa’ layout.

1) 12 x 12 mm glass substrates (Corning Eagle XG borosilicate, pre-cut and pre-cleaned by
Thin Film Devices, Inc.) were loaded into the AJA vacuum chamber and pumped down to
< 1077 Torr.

2) Glass substrates inside the vacuum chamber were heated to 100 °C and plasma-etched
for 5 min in an argon-oxygen plasma (50 W RF power, 20 mTorr of 50% oxygen and 50%
argon) immediately prior to Mo deposition.

3) Mo films were deposited at 100 ° in 2.0 mTorr 99.999% pure Ar gas from a 99.95% pure
Mo target (AJA). Deposition for 65 min at 180 W DC power resulted in ~800 nm thick
films with < 1 ©/square sheet resistance.

4) Mo-coated glass substrates were handed to over to Nima Farhi for CVD deposition of
FeS, absorber, followed by sulfurization. See [6] for details.

5) Sealed quartz ampules containing phase-pure pyrite films on Mo/MoSs back contact and
residual sulfur were received from Nima Farhi.

6) Quartz ampules were scored with a diamond scribe, then opened inside the glovebox. It
was found that a strong score in combination with breaking the tip of the ampule before
breaking the ampule at the score reduces the amount of micro quartz shards that end up on
the film. Films were handled with a vacuum pen, blown off with nitrogen gas and loaded
into the sputter chamber.

7) Samples inside the sputter chamber were evacuated to < 1077 Torr, then briefly heated
to 225 °C. As soon as this temperature was reached, it was reduced to 100 °. The ZnS target
was pre-sputtered at 2.3 mTorr (1% Ha, 99% Ar) and 30 W RF power for 5 min, before
the gun shutter was opened for deposition. Deposition was done first for 10 min at 30 W,
then for 50 min at 75 W. All ramps for the ZnS target were 3 W/s. Immediately after ZnS
deposition, intrinsic ZnO was deposited with the substrate still at 100 °C, 2.8 mTorr (1%

Os, 99% Ar) and 75 W RF power for 150 min.
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8) The devices were then brought back into the glovebox to attach a shadow mask below
the sample holder, in order to define the cell top contacts. Analog to step 7), Al-doped ZnO
(AZO) was then deposited at 100 °C using 110 W RF power for 70 min in 2.3 mTorr pure
Ar.

9) The finished devices were handled carefully to avoid scratching, and air-exposure was
minimized. They were transferred to a probe station with solar simulator illumination and

very carefully contacted with needle probes to measure JV characteristics.

50



Chapter 3

Pyrite and Other Relevant Thin Films

3.1 Pyrite Thin Films

As discussed in section and section high-quality pyrite thin films were supplied
in-house by Nick Berry, Nima Farhi, Sean Seefeld and Amanda Weber. All films were
rigorously phase-pure unless noted otherwise, and possess appropriate morphological and

optical characteristics for application in solar cells. While the details of these films are

6,97,116

discussed elsewhere, in the present work these films were used to study electrical

properties of polycrystalline pyrite films, compare them to single crystals, and for their

application in thin film solar cells (section [5.3.2)).

3.1.1 Comparison of Thin Films Made by Different Routes

Pyrite thin films have been prepared in the past by many techniques, including the sulfu-

39,24,76,77,115,87,46 26,25

rization of iron thin films, sputtering,®® %7 flash evaporation, electro-

81,67

deposition, spray pyrolysis,'?° molecular beam epitaxy,'? and chemical vapor deposition
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(CVD, see fig. . Our group recently also developed a number of recipes to make pyrite
thin films from inks.%%-97. 74,116

Interestingly, all FeS, films — regardless of their phase purity or growth substrate — show
very similar electrical properties, that is, thermally activated p-type conductivity with a rela-
tively low room-temperature resistivity (=~ 1 {2 cm) and low mobility. While this holds for all
fabrication methods, it is shown as an example for CVD films reported in literature(using dif-
ferent chemistries) in fig. . Also shown is an Arrhenius plot of temperature-dependent con-
ductivity data for representative thin films made in our lab by the three methods mentioned
above ("CVD’, 'Fe(acac); ink’ and ’elemental ink’). All three films have almost identical
transport properties, though made from very different routes and having different impurities
(see fig. . This negligible electrical impact of phase and elemental impurities suggests

that transport in pyrite thin films may be dominated by robust surface effects rather than

bulk properties.

3.1.2 Effect of Marcasite Impurity

Marcasite is the orthorhombic FeSs polymorph of pyrite. It is meta-stable, with its formation
energy only slightly higher than pyrite and thus can be converted readily to pyrite at elevated
temperatures. However, pyrite starts to lose sulfur from the lattice at elevated temperatures
in ambient conditions in the absence of a high sulfur partial pressure, resulting in sulfur
deficient Fe,S, phases. It is therefor necessary to anneal mixed-phase pyrite/marcasite films
in a sulfur atmosphere to achieve phase-pure pyrite films. Details of this process are discussed
elsewhere.% 116 Marcasite phase impurities was often suggested as one of the reasons for poor
electrical transport properties in pyrite thin films (i.e., high doping, low carrier mobility)

and corresponding low photo-voltage.
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Figure 3.1: Comparison of pyrite thin films grown by different methods. Top row: SEM images of
pyrite thin films grown on quartz substrates in our lab by (left) chemical vapor deposition (CVD,

section |2. 1.3

, (center) Fe(acac)s ink method (section [2.1.4) and (right) elemental ink method

(section @ Bottom left: Arrhenius plot of temperature-dependent conductivity data for repre-
sentative thin films made in our lab by the three methods. Interestingly, all three films have almost
identical transport properties, though made from very different routes and having different impu-
rities. This is in line with an even wider range of films in literature having very similar transport
properties, as shown here for example for CVD made films. Bottom right: Literature overview
of pyrite thin films grown by chemical vapor deposition (CVD). The films in the last row are the
'CVD method’ films used in this study.® IPC = iron pentacarbonyl; TBDS = tert-butyl disulfide;
TAA = thioacetamide. Figure adapted from [6], [97] and [116].

Impurity Ink Ink Fe(acac)s CVD
(ppm) Mo/glass Si Mo/Si Si
oxygen 2440 204 1750 1990
potassium 1 1 50 2
sodium 1300 5 165 20
carbon 205 155 900 8610
hydrogen 1130 1075 20-100 1530
aluminum <1 <1 165 100
calcium 4 10 2-6 30

Figure 3.2: Elemental impurity content of pyrite thin films from the different methods used for this

work. Values

from SIMS after sputtering into the bulk of the film. Figure adapted from [116].
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Figure 3.3: Marcasite impurity in pyrite thin films: morphology and distribution. This figure
shows data that were taken on films made by the CVD method, but are representative for all
three methods discussed in the text. (a) SEM top-down and cross-section image of mixed-phase
pyrite/marcasite film. (b) Same images for phase-pure pyrite film. (c¢) Raman map (integrated
323 cm~! band) showing inhomogeneous distribution of marcasite impurity in a mixed-phase film
(~5% total marcasite content). (d) Spectra collected from adjacent bright and dark pixels (“1”
and “2” on the map). Figure adapted from [6]
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As shown in fig. a film with ~5% marcasite content has an inhomogeneous distribution
of marcasite domains, as revealed by Raman mapping. The marcasite "hot spots’ are con-
fined to areas smaller than 2.5 pm x 2.5 um (the map resolution) and distributed randomly.
Limited by the spatial resolution of the Raman microscope, correlation of the Raman map
with SEM topography images was not possible. No clearly 'marcasite-like’ crystallites (by
size, shape, faceting or SEM contrast) could be identified.

Figure [3.4] shows optical absorption spectra of mixed-phase and pure pyrite films. The fact
that a substantial marcasite impurity is almost invisible in the optical absorption spectra of
our mixed-phase films raises renewed questions about the band gap and optical functions of
marcasite. Marcasite is thought to have a band gap of ~0.34 eV, which would make it unsuit-
able for solar energy conversion in bulk form and a deleterious phase impurity in pyrite.!?”
Sun et al. recently challenged this notion by presenting rigorous DFT calculations indicating

102" These authors pointed out

that marcasite probably has a larger band gap than pyrite.
that the purported value of the marcasite gap is based on variable-temperature resistivity
data from a single natural marcasite crystal published in 1980.%% Fitting of resistivity data
is an unreliable way to determine the band gap of a semiconductor of unknown purity and
carrier mobility, and should be verified with additional techniques. Our lab confirmed the
results of Sun et al. using our own DFT calculations of marcasite, finding the band gaps of
marcasite and pyrite to be 0.79 and 0.63 eV, respectively, at the generalized gradient approx-
imation (GGA) level of theory (see [97] for details). Our mixed-phase marcasite/pyrite thin
films provide an opportunity to test these DFT predictions against experimental data. As

shown in fig. [3.4] experimental absorption data agrees very well with the DFT calculations

and both agree that the marcasite band gap is not smaller than the pyrite band gap.

We conclude that the marcasite electronic and optical band gaps are at least as large as
those of pyrite. Rather than being inherently unsuitable for solar energy conversion, pure
marcasite films, if they can be synthesized, may very well have better optical and electronic

properties than pyrite itself. However, our results do not imply that marcasite is necessarily
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Figure 3.4: Marcasite impurity in pyrite thin films: optical and electrical effects. (a) Absorptivity
spectra of an as-grown film (red) containing ~50% marcasite and an annealed film (blue) with
no marcasite content, as well as calculated spectra for pyrite (gray hashes) and marcasite (black
dots). The marcasite spectrum is the average of the optical functions along the [100], [010], and
[001] directions of the orthorhombic crystal. The calculated spectra are scaled by a factor of 0.75
and offset for clarity. (b) Plot of (ahr)'/2? versus energy used to estimate the band gap of the
two films shown in (a). (c¢) Arrhenius plot comparing temperature-dependent conductivity data of
mixed-phase and phase-pure pyrite film. Note that the marcasite content of the mixed-phase film
is lower here (~10%). The temperature-dependence and activation energies are identical, with the

mixed-phase film having a higher absolute conductivity by about a factor of 2. Figure adapted
from [97]
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a benign impurity in pyrite. Comparing electrical transport in mixed-phase and phase-pure
pyrite films (fig. [3.4), we find that they are very similar, with identical activation energies
and slightly higher absolute conductivity for mixed-phase films. It should be noted that
this comparison of electrical transport might be somewhat convoluted by the effect of grain-
growth that also occurs during the sulfurization process that converts a mixed-phase film to

a phase-pure pyrite film. See [6], [97] and [116] for more details.

Although marcasite almost certainly has a larger gap than pyrite and similar absorptivity,
the existence of band edge offsets and electronic defects at the pyrite/marcasite interface
as well as other types of disorder may result in degraded electronic properties for mixed-
phase pyrite/marcasite thin films for solar cell applications. We therefore continue to believe
that the synthesis of phase-pure films, whether pyrite or marcasite, remains desirable for
solar energy applications. Thus all further data and conclusions in this study (unless noted

otherwise) are based on rigorously phase-pure pyrite thin films.

3.1.3 Electrical Transport in Polycrystalline Thin Films

The electrical properties of FeSy films on glass and quartz substrates were assessed by
variable-temperature Hall effect measurements in a van der Pauw geometry. The dark resis-
tivity of pure pyrite films is on the order of 1 2 cm at room temperature and increases by
about a factor of 20 - 30 upon cooling to 80 K. We found no difference between pure pyrite
films made on glass and quartz substrates. Arrhenius plots of the resistivity are curved (see
discussion below), with activation energies varying from ~20 meV at 100 K to ~50 meV at
350 K. The temperature dependence of the resistivity is characteristic of a highly doped but
non-degenerate semiconductor. The in-plane Hall mobility of these films was too low to be

measured (< 1 cm?/Vs), which also prevented determination of the carrier type from the sign
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of the Hall voltage. However, qualitative thermopower measurements always indicated that
the films were p-type. The fact that these general features — low resistivity, low mobility,
and p-type transport — have been reported for nearly all unintentionally doped pyrite thin
films regardless of fabrication method may imply that transport in polycrystalline pyrite
films is governed by surface/interface effects rather than bulk properties. Even marcasite
phase impurities do not change transport properties appreciable (see above).

The insensitivity of FeSy electrical properties to both bulk phase impurities and substrate-
derived elemental impurities is evidence that charge transport in polycrystalline pyrite films
is controlled by surface effects, for example, a conductive inversion layer, that is quite insen-
sitive to variations in bulk composition. Our electrical results are in good agreement with
literature. Unintentionally doped polycrystalline pyrite thin films are always reported to be
p-type by in-plane thermopower and (less frequently, due to the low carrier mobility) Hall
measurements and feature a narrow range of low resistivity (0.5 — 10 © cm), high carrier con-
centration (10'® — 10?° cm™?), and low mobility (< 2 ¢cm?/Vs) regardless of the preparation
method and S:Fe stoichiometry.?"3 This is true of purportedly sulfur-deficient!!5 6951,106.75
and iron-deficient!!%:3%51:106.75 filmg made by CVD, sputtering,% !9 sulfurization of iron
films,”" 11546 and molecular beam epitaxy.'? Only by intentional doping with donors such
as Cl, Br, or Co have n-type polycrystalline pyrite thin films been made.84 104

There are at least three credible explanations for the ubiquitous electrical behavior of nom-
inally un-doped pyrite thin films: phase impurities, accidental oxygen doping, and surface
effects. First, pyrite samples may inevitably (due to thermodynamic considerations) contain
nano-scale inclusions of metallic, sulfur-deficient phases. This idea'?* seems at odds with
the experimental evidence, particularly the very high external quantum efficiency of pyrite
photo-electrochemical®® and Schottky!®1® solar cells and sensitive magnetic measurements
that show no evidence of pyrrhotite or other magnetic sulfur-deficient phases above ppm

levels in properly prepared pyrite films.!% A second possibility is that all pyrite films are

contaminated with oxygen and that oxygen acts as an efficient acceptor to produce highly-
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doped, p-type films. Sun et al.!%2 has argued that pyrite synthesized in iron-rich, oxidizing
conditions may be contaminated with substitutional oxygen (Og defects) at a concentration
of ~10* ¢cm™ and that Og impurities are p-type dopants. Concern over oxygen is reason-
able given the potential for oxygen incorporation in pyrite films made by different methods.
However, films prepared by the three methods used for this study vary in Oy content from
200 to 2000 ppm, yet their electrical transport properties are virtually identical. Moreover,
our own density functional theory calculations show that Og is neither an acceptor nor a
donor in bulk pyrite.? Experimental evidence from ultra-pure single crystals with oxygen
levels below 10 ppm in the bulk rules out oxygen as a bulk dopant table [4.1]

Surface effects provide a third explanation for the universal electrical behavior of nominally
undoped pyrite films. As argued by Tributsch and co-workers®! 20 years ago, the similarity
of the electrical characteristics regardless of stoichiometry and preparation method suggests
that the electrical behavior of pyrite thin films is not determined by the bulk properties of
the crystallites but rather by their surface properties. Given the well-known reactivity of
pyrite surfaces,™ it is reasonable to expect that surface composition and/or electronic effects
are very important for pyrite thin films and may be responsible for their measured electrical

properties.

We now return to discuss the curved Arrhenius plots (fig. [3.5]) and analyze the temperature
dependence of the conductivity to gain further insight on the transport mechanism in these

thin films. A curvature in Arrhenius plot for the conductivity corresponds to a temperature-

dependent activation energy E, = E,(T) and indicates that p # 1 in 0 = og exp(- k;E;T)p),
meaning that simple activated band transport is not the dominant mechanism. Using the
Zabrodskii method, we find that a value of p = 0.4 - 0.6 can fit the data better, yet still fails
to capture well the rapidly increasing E, at high temperatures. A value of p = 0.5 is often
interpreted as a sign for Efros-Shklovskii variable range hopping (ES-VRH) transport. The

curved Arrhenius can also be fit by the model proposed by Werner that considers transport

in polycrystalline films to be limited by thermionic emission across inhomogeneous grain
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Figure 3.5: Electrical transport in polycrystalline pyrite thin films. (a) Zabrodskii plot'?® to
linearize o = og exp(- kg“T )P) for thin films made by the three methods discussed in the text, before
('mixed’) and after ('pure’) sulfurization to eliminate the marcasite impurity, along with sputtered
films from [126]. For all data 0.4 < p < 0.6. (b) Diagram taken showing (top) the band diagram of
a homogenous depletion boundary in a p-type material and (bottom) an inhomogenous boundary
with potential fluctuations. The Werner model assumes thermionic emission over grain boundaries
and a Gaussian distribution of barrier heights. Adapted from [117] (¢) Temperature-dependent
conductivity data from a representative thin film along with Arrhenius (p = 1) fits in the high and

low temperature regions, ES-VRH (p = 0.5) fit and Werner model fit.

boundaries with a Gaussian distribution of barrier heights.!'7 Figure shows a comparison
of simple Arrhenius fit, ES-VRH fit and Werner fit for a representative thin film. It is
apparent that a Arrhenius fit cannot account for the curvature (i.e., E, = E,(T)). The ES-
VRH fits are better, but need to invoke a hopping transport mechanism that is hard to
reconcile with pyrite, especially the magnetoresistance data discussed in section [£.4.2] The
Werner model fits the data very well, but its picture of transport across grain boundaries
is at odds with the picture of surface dominated transport implying transport along grain
boundaries. To resolve the question of the dominant transport mechanism and obtain a
quantitative model in pyrite thin films, a wider range of temperatures needs be evaluated,
especially to see if transport can change to bulk-dominated n-type conduction at elevated
temperatures for high-quality thin films. Qualitatively though, all results presented here and
in section [4.4.2 are in line with a hole-rich surface layer that is dominating transport at room

temperature and below.
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Figure 3.6: Deposition of Mo films on glass substrates by DC magnetron sputtering. (a) Diagram
showing a glass substrate that is partially masked by the substrate holder. Ar* ions are accelerated
and slammed into the Mo target where they kinetically knock out clusters of Mo atoms that then
deposit on the unmasked area of the substrate. (b) Evolution of Mo films made in our lab, as
evaluated by the sheet resistance Rgpeer. Low sheet resistance of a metal film is a good measure for
crystallinity and perfection.

3.2 MoS,_, Films Obtained by Sulfurization from Mo

Molybdenum was chosen as the back contact for pyrite heterojunction solar cells mainly due
to two advantages. First, Mo has a low work function of 4.3 - 4.9 eV (depending on the
face),”® making it a potentially ohmic back contact for p-type pyrite films. Second, Mo has
already been shown to survive harsh sulfurization (selenization) conditions in the fabrication
of Cu(In,Ga)(S,Se), solar cells, where it forms a Mo/MoSs (Mo/MoSe,) bilayer. As discussed
below, processing of pyrite films on Mo requires harsher and longer sulfurization than in the
case of Cu(In,Ga)(S,Se)s, making thicker Mo/MoS, layers necessary.

DC sputtered Mo films were initially optimized for high density, high crystallinity and low
sheet resistance. Films thus optimized to < 1 Q/square passed the ’scotch tape test’ before

and after sulfurization for 4 h at 550 °C in a quartz ampule containing 50 mg sulfur.

As shown in fig. [3.7] prolonged sulfurization of Mo films causes a gradual phase conversion

from top to bottom, along a sharp line, and eventually full conversion to MoS,. The conver-
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Figure 3.7: Mo films before and after sulfurization: topography and morphology. The top row
shows (a) SEM top-down image, (b) AFM tomography and (c¢) SEM cross sectional image of a Mo
film as deposited on glass. The bottom row (d, e, f) shows the same film after sulfurization for 3
hours at 515 °C.

sion front is seen as a change in contrast in SEM images, and is remarkably sharp, indicating
diffusion of sulfur into the Mo is very slow compared to competing processes. The conversion
process goes along with a large increase in film thickness by a factor of 3.6, as expected by
the ratio of MoS, to Mo unit cell volume. Surface roughness is increased slightly, going from
the typical ’dead fish’ topography of Mo films to a slightly rougher MoS, surface, but still

smooth enough for solar cell purposes.

For a lack of reports on polycrystalline MoS, films in literature and their importance for
pyrite solar cell fabrication (section , they were investigated more closely to learn
about their electrical and optical properties.

The first challenge was to obtain completely converted MoS, films from Mo films, without

any Mo left that would impact film characterization. For a given Mo film thickness, too short
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of a sulfurization time resulted in a thin residual Mo metal layer, while too long sulfurization
often resulted in the MoS, film flaking off. Carefully tuning sulfurization time and controlling
composition by SEM cross-sectional imaging finally resulted in fully converted MoSs films
without Mo residue. For these films (see fig. , the optical band gap was estimated to
~1.6 V.

Strikingly, it was observed that MoSs, conductivity continues to drop upon prolonged sulfu-
rization, even after the Mo layer is completely converted, according to ultra-high resolution
SEM. All these experiments were conducted with a large number of identical Mo films on
glass, that were then sulfurized using the same sulfur atmosphere, same heating and cooling
ramps, but different dwell times at 515 °C. For example, for the 52 nm Mo films shown in
fig. , conductivity drops from ~10° to ~10* S/cm within the first hour of sulfurization.
This decrease is easily explained by the decrease in Mo thickness. The contribution of MoS,
conductivity is still negligible compared to the metal. Then, after 90 min dwell time, film
conductivity drops to ~1 S/cm, which is less than the value expected from a single mono-
layer of Mo. Also, no Mo layer is seen in ultra-high resolution SEM for this film. Thus, we
attribute this conductivity value to MoSy. Now, surprisingly, an even longer dwell time of
120 min results in a further reduced film conductivity of ~10™* S/cm. A similar decrease in
conductivity is observed for initially thicker (110 and 800 nm) Mo films. Since the films look
unchanged by SEM (still compact) upon further sulfurization (after the Mo phase already
disappeared), and no new phases are seen in XRD, this drastic further decrease in conduc-
tivity is attributed to a change in film stoichiometry. It suggests that ’just’ fully converted
films are in fact MoSs_,, with x = 0 only reached after prolonged sulfurization, and that the
initially higher conductivity of > 107* S/cm may be caused by S-vacancies.

To probe the majority carrier type and activation energy of these MoS,_,. films, thermopower
and Hall effect data were taken, as shown in fig. [3.8f-g. Thermopower measurements suggest
that the dominant carrier type changes from holes to electrons shortly after the Mo film

is completely converted, after which the sign of the thermo-voltage stays positive and the
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Figure 3.8: Sulfurization of Mo films on glass. See text for detailed explanation. (a) SEM cross
sections of the progression from Mo to MoSso, with phase boundary indicated by horizontal orange
line. (b) XRD patterns of pristine Mo, partially converted and almost completely converted film. (c)
Absorption coefficient of MoS, film obtained by complete sulfurization. Extrapolation of the band
edge gives E; ~ 1.6 €V, in good agreement with literature. (d) Progression of film conductivity
as a function of dwell time during sulfurization, starting from Mo films of 52, 110 and 800 nm
thickness. (e) Conductivity and layer thickness (from SEM cross sectional imaging) of the 110 nm
batch shown in (d), as a function of dwell time. Hypothetical conductivity from a single monolayer
of Mo metal is indicated by horizontal black line. (f) Evolution of the thermovoltage between hot
and cold end of sulfurized Mo films. (g) Conductivity and absolute Hall coefficient |R | for a MoSs
film (last data point in panel (e)).
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magnitude increases (as conductivity decreases). Temperature-dependent Hall effect and
conductivity data indicate that MoSs_, is a highly doped n-type semiconductor (with E, ~
1.6 e€V), showing a small positive activation energy only at room temperature and above.
The sign of Ry fluctuates randomly, preventing a confirmation of majority carrier type by

this method.

3.3 NiO

As discussed in detail above, pyrite thin films are universally p-type, which is likely a result
of a strong surface inversion layer.>™ If this surface layer was successfully passivated, the
entire films would likely become n-type, just as single crystals. In such a scenario a trans-
parent p-type semiconductor would be the natural choice to fabricate pn-heterojunctions.
There are not many known transparent p-type materials, especially such that have a tunable
doping level and can be deposited by sputtering. One interesting candidate is NiO, a wide-
band gap material that, when sputtered at the right conditions, shows high transparency
and low doping levels.

NiO recently received much attention as an electron-blocking layer (EBL) or hole-transport
layer (HTL) in organic photovoltaics (OPV).86:118 Some studies employed magnetron sput-
tering of NiO, both from Ni"®® and NiO targets.”>2! Across literature, resistivity of the NiO
layer, which is potentially very important for a FeSs/NiO heterojunction, has never exceeded
15 Q cm. In this work, NiO films deposited by RF magnetron sputtering were studied as a

function of Oy content in the Os/Ar plasma.

Figure shows structure, transmission and electrical transport properties of the NiO films
obtained by reactive RF sputtering from a Ni target onto glass substrates. Without any
oxygen present, Ni metal films are deposited, with very low sheet resistance on the order

of 1 2/square and no transmission in the visible spectrum. Addition of even 2% oxygen
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Figure 3.9: Properties of NiO films made by reactive RF sputtering from a Ni target. (a) XRD
patterns of Ni and NiO films sputtered on glass substrates, along with Ni and NiO reference
pattern. Note the large difference in film thicknesses. (b) Plot of deposition rate (left axis) and
sheet resistance (right axis) as a function of oxygen partial pressure. The sheet resistance of the
film deposited at 3% oxygen content is out of measurement range, and at least 1019 Q/square. (c)
Optical extinction of NiO films on soda-lime glass. Note the large difference in film thicknesses.
Films sputtered with 0% O2 are metallic Ni and completely opaque (not shown). (d) Conductivity
(left axis) and hole concentration (right axis) from Hall effect measurements for a NiO film deposited
with 5% oxygen in the plasma. SEM cross-sectional views showing morphology of Ni (d) and NiO
(e) films deposited on glass.
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already changes this drastically, with higher oxygen contents resulting in a gradual decrease
in deposition rate (fig. [3.9b). Figure shows XRD pattern of NiO films deposited with 5
- 30 % O3 in Ar. Thickness is not constant here, and some films are much too thin to give
a well-defined pattern. For low oxygen content films, the 111 and 200 peaks of NiO can be
identified, while the Ni peaks are gone. Sheet resistance increases sharply upon addition of
small oxygen concentrations, then decreases with further addition of oxygen. The maximum
resistivity was observed for 3% oxygen content, with Rgpee > 109 Q/square. Figure
shows temperature dependent conductivity and hole concentration (measured by Hall effect)
for a film deposited at room temperature. The activation energy for conduction is ~270 meV,
suggesting a deep acceptor state. Hole concentration and conductivity at room temperature
are 10'% cm™3 and 107 S/cm respectively. This conductivity value represents the lowest
known to the author for a NiO film. As shown in fig. [3.9c, optical extinction data for these
films shows an optical band gap of ~3.4 eV, in good agreement with literature. The 5% film
is the most promising for use as p-type window layer in devices, as a ~160 nm thick film

shows transmission of 50 - 80% (extinction 0.1 - 0.3) in a wide window ranging up to 3.3 eV.
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Chapter 4

Pyrite Single Crystals

Towards the ultimate goal of developing a high-throughput method to fabricate inexpensive
pyrite thin film absorbers, pyrite single crystals were studied in detail. Single crystals can
be found in nature around the world and were the starting point for this study. While these
natural crystals can be very large and of high crystalline perfection, they tend to have high
levels of elemental impurities that can alter their electrical properties drastically compared to
intrinsic pyrite. For this reason, synthetic single crystals were grown to study more intrinsic
material properties. Based on the results of this study and the transport model developed
(section , they can also be used as a test platform to quantitatively evaluate a wide

range of surface passivation treatments (section [4.6]).

4.1 Crystals Found in Nature

Despite the general short-comings of natural pyrite crystals (common presence of phase im-
purities, doping with many different elements, internal voids, low carrier mobility), specimen

of high quality can be found from a small number of famous sites in Turkey, Spain and Peru.
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One particularly well-suited natural crystal served as the basis for a study of optical proper-
ties, in particular pseudo-dielectric function and critical point energies of pyrite. A beautiful
octahedral natural crystal, originally found in Erzurum, Turkey, was graciously provided by
Dr. Andre Puschnig of Naturhistorisches Museum Basel (catalog number 18249).

The study was done in collaboration with S.G. Choi, L.S. Abdallah and S. Zollner (spectral
ellipsometry), J. Hu and R.W. Wu (DFT) and M. Law (principal investigator).?? Phase pu-
rity of the natural pyrite crystal was confirmed by power X-ray diffraction (XRD) (fig. [1.1h)
and electrical transport characterized by temperature-dependent Hall effect measurements
(fig. 1.1c,d). One of the eight <111> facets was sectioned and fine-polished to < 2 nm
roughness (fig. [4.1p) in order to conduct spectral ellipsometry (SE) measurements on it.
The complex dielectric function € = ¢; + ¢ €5 and complex refractive index N = n + ik are
important for understanding the electronic structure of PV materials and developing PV de-
vice structures. Prior to this work, only a limited number of € and N spectra were available

for pyrite from electronic structure calculations®® 111,109

or optical reflectance measure-
ments. % 10138 Moreover, significant discrepancies exist among the reported spectra and no

trustworthy theoretical explanation has been made available so far.

Both DFT calculated and SE-determined e spectra of the natural pyrite crystal are shown
in fig. [1.2] They reveal several above-bandgap optical structures associated with interband
critical points (CPs).?® To elucidate the electronic origin of each CP structure, SE data
was compared to (density functional theory) DFT calculations for bulk pyrite with the same
computational details used in earlier work®® (omitting the U-correction term to best fit the
experimental spectra).

Two prominent CP features are evident in the SE data at ~2.0 eV and ~4.0 eV, as also
observed in early studies.!:109:8,:96.101.38  AlJthough the calculations slightly overestimate the
CP energies below 3 eV and underestimate those above it, the overall agreement between
experimental and theoretical results is obvious. All six of the major CP features observed

experimentally are captured in the DFT calculations. The calculated value of the static
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Figure 4.1: Chararcterization of the natural crystal used for spectral ellipsometry (SE) study. (a)
X-ray diffraction pattern of a powdered slice of the crystal, showing phase-pure pyrite, along with
a pyrite reference pattern. (b) AFM topography scan, showing a 10 x 10 um area of the polished
crystal with 1.8 nm RMS roughness. (c¢) Temperature-dependent conductivity and absolute Hall
coefficient |Ry| and (d) carrier concentration and mobility from 80 - 350 K, calculated from Hall
effect measurements using unipolar approximation.
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Figure 4.2: Comparison of dielectric spectrum and critical point energies (CPs) from DFT cal-
culations and spectral ellipsometry (SE). (a) Band structure of bulk pyrite, with arrows denoting
the main transitions associated with the CPs. (b) Experimental (solid black lines) and calculated
(dashed red lines) € spectra for a pyrite crystal. Experimental data were taken at 77 K on a fine-
polished <111> surface. The major CP features seen in the calculated es spectrum are labeled
alphabetically, and correspond to the transitions in (a). Figure reproduced from [22].

dielectric constant (€5, = 21) is also consistent with the experimental data. Figure 4.2|shows
the correlation of CP to DF'T calculated band structure. For a full discussion of all transition,

see reference [22].

Although the bandgap energy of pyrite is thought to be ~0.9 eV, the SE data show nonzero
< € > values below the bandgap rather than an abrupt fundamental absorption edge.
This is attributed in part to lifetime broadening and also the presence of native oxides on

the crystal surface as well as the nanometer-scale surface roughness.3* 64

Oxidation of pyrite
surfaces can be very rapid®® and the formation of surface oxides was inevitable during sample
preparation. A multilayer analysis was not attempted in this study. Another possible cause
of the nonzero absorption below 0.95 eV includes surface and bulk defects that may induce

states within the bandgap. See section [4.4] for further discussion of defect states and band

tails.
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4.2 Growth by Chemical Vapor Transport (CVT)

Chemical Vapor Transport (CVT) of a polycrystalline FeS, precursor in a halogen transport
agent (section yielded pyrite single crystals of high quality. Growth rate was slow, on
the order of mg/day, the largest crystal grown had a mass of 26 mg. Using Cl as transport
agent resulted in slower growth compared to Br, which is why most crystals were grown using
Br. Todine was also tested, but resulted in even slower transport and smaller crystals. The
shape of almost all crystals was cuboid, ranging from perfect cubes to thin, square plates.
The dominance of the 100 facet is noteworthy, though some cubes had 111 facets at the
corners, see fig. 1.3

While the first step of the CVT synthesis (section produced numerous S-deficient
phases along with pyrite, the transported products found at the cold end after the second
step were almost exclusively phase-pure pyrite, with only some smaller crystals showing
secondary phases. Phase-purity was verified routinely in-house by powdering crystals and
recording XRD patterns in 20-w geometry. To further verify absence of S-deficient phases at
trace amounts, powdered crystals were also measured with ultra-high resolution synchrotron
XRD (fig. [1.3b), showing again only pyrite peaks.

Electrical transport was characterized using temperature-dependent conductivity and Hall
Effect data, shown in fig. ,d. Compared to the best natural crystal measured (n-type,
lowest doping), conductivity was higher at room temperature and lower at low temperatures.
In contrast, the absolute Hall coefficient |Ry| was lower at room temperature and higher
at low temperatures. Using the unipolar approximation (section , this translates to
higher n-type doping and higher electron mobility in the CV'T crystals, paired with lower
compensation. The donor activation energy at room temperature is similar, with Ep = 150 -
200 meV. Both this natural crystal and all CVT crystals show a maximum in |Rg/|, which is
unexpected for homogeneous semiconductors, and will be discussed in detail in section [4.4.2]

Comparing CVT crystals grown with Cl and Br as transport agents, no large differences
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Figure 4.3: Pyrite Single Crystals Grown by Chemical Vapor Transport. (a) SEM image of cuboid
crystal as grown, showing large 100 facets and 111 facets at the corners. (b) Synchrotron XRD
pattern of powdered CVT crystal, recorded at Argonne National Lab. Even at this extreme resolu-
tion no secondary phases are detected, all peaks index to cubic FeSs. (c) Temperature-dependent
conductivity and Hall Effect data of CVT crystals, compared to a natural crystal. (d) Carrier
concentration and mobility, calculated using unipolar approximation.

were found. The highest electron mobility recorded was 430 cm?/V's at 190 K for a crystal

grown with Cl transport agent.

At this point, comparing electrical transport in polycrystalline thin films (section and
single crystals (see fig. , it is already obvious that their properties differ vastly. The main
differences are (i) different polarity at room temperature: electron transport is dominant in
single crystals, hole transport is dominant in thin films. (ii) Activation energy of single
crystals and thin films is similar at low temperature, but much higher for single crystals at

room temperature. (iii) High electron mobility in single crystals, while carrier mobility in
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Figure 4.4: Comparison of electrical transport in a representative, high-quality CVT crystal (Cl
transport, in blue) and representative thin film (Fe(acac)s-ink, in orange). (a) Conductivity data,
measured in Van der Pauw geometry, is shown as solid lines and on the left axis. The absolute of the
Hall coefficient Ry is shown as squares and on the right axis. (b) Carrier concentration (solid lines,
left axis) and carrier mobility (sqaures, right axis), as calculated using unipolar approximation.
The sign of the Ry raw data fluctuates randomly for thin films, making a reliable assignment of
majority carrier type as well as calculation of carrier mobility impossible. However, due to clear
p-type behavior from thermopower measurements (at 300 K), we assign p-type transport (p, up) at
all T. See section for a full discussion of majority carrier type, compensation and the validity
of the unipolar approximation.

thin films is too low (< 1 cm?/Vs) to measure reliably. This leads to (iv) single crystals
having higher conductivity at high temperatures, similar conductivity at room temperature
and much lower conductivity at low temperatures. As the surface to bulk ratio is the most
obvious difference between these systems, mesoscopic systems with intermediate surface/bulk

ratios were studied next.

4.3 Mesoscopic Systems

To test the hypothesis that surface states, and thus the surface to bulk ratio, is responsible
for the drastic differences in electronic transport between pyrite single crystals and thin films,
two experiments were designed. The first approach aims to increase the surface to bulk ratio

of a well-characterized single crystal, by crushing the crystal into powder of a defined particle
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size and then cold-pressing that powder into a pellet. The second approach aims to measure

a single grain of a polycrystalline pyrite thin film.

4.3.1 Microcrystalline Pellets

As described in section [2.3.3], pellets were pressed from pyrite powder obtained from single
crystals by ball-milling or mortar and pestle. 200,000 psi of pressure were applied for 5 min
at room temperature, resulting in pellets that were stable for electrical measurements, if

carefully handled.

Pellets made from a variety of natural and CVT grown single crystals were tested. Surpris-
ingly it was found that the conductivity as a function of temperature was almost independent
of the original crystal’s conductivity. Even pellets made from heavily doped natural crystals
with metal-like conductivity showed the same result as pellets made from our cleanest CVT
crystals. This indicates that transport in pellets is dominated by grain boundaries and grain
surfaces, not the grain bulk. It was indeed found by qualitative measurements of the Seebeck
coefficient that pellets are p-type, even though made from n-type single crystals. In line with
this, it was found that particle size had an effect on pellets conductivity. In one experiment
(fig. ) powder was obtained from the same single crystal by two methods, first by mortar
and pestle ("'medium powder’) and second by ball-milling (’extra fine powder’). As expected,
smaller grains, equaling higher surface area, result in higher conductivity. The effect of sulfur
annealing was also tested, to see if any defect states on the newly created surfaces could be
passivated. It was found that annealing in sulfur slightly increases pellet conductivity, while

light annealing in inert Ny atmosphere has no effect (fig. )
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Figure 4.5: Microcrystalline Pyrite Pellets from Cold-Pressed Powder. (a) SEM image of pyrite
powder obtained with mortar and pestle. (b) Optical microscope image of resulting pellet cold-
pressed at 200,000 psi. Panels (c) and (d) show temperature-dependent conductivity data, measured
in Van der Pauw geometry. (c) Shows that annealing in sulfur increases pellet conductivity slightly,
while light annealing in inert No atmosphere has no effect. (d) Shows that particle size had measur-
able effect on pellet conductivity: as expected smaller grains, equaling higher surface area, result
in higher conductivity.
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4.3.2 Single Nanocrystals

As described in section [2.3.4] individual grains that make up pyrite thin films can be grown
further by sulfurization, up to several ym in size.''® These nanocrystals were drop-cast from
diluted suspension onto silica substrates, resulting in a random distribution of crystals like
the one shown in fig. The goal was to contact individual nanocrystals with metal lines
from four sides and perform electrical transport measurements in Van der Pauw geometry.
Unfortunately it turned out to be very difficult to have the metal lines stick to the pyrite
nanocrystals. Ag and Al were tried, and for both metals the contact lines would fracture
(inset of fig. |4.6]). The nanocrystal’s height was typically 1000 nm or more, while the metal
line thickness was 200 nm or less, mostly limited by the PMMA thickness. This ratio would
require free hanging metal lines which evidently did not survive the processing steps.

While this approach was eventually abandoned, it could be made to work in the future
by using smaller nanocrystals, thicker metal lines, modified nanocrystal surfaces for better
adhesion, an insulating underlayer under the metal lines or a combination of these factors.
Another approach to measure pyrite nanocrystals would be to use a micro-manipulator
tool to directly contact the crystals with needle probes. Such a tool is now available at
UCI's LEXT facility. In the meantime, a group at the University of Wisconsin successfully
measured transport in single pyrite nanocrystals.?? Using sulfurization from iron salts (FeCls,
FeBr,) they synthesized nanocrystals that were contacted by EBL (fig. . Strikingly, the
temperature-dependent conductivity data is very similar to the data from pellets obtained in
the present work (fig. . Although no Hall effect measurements were performed on these
nanocrystals, field effect measurements also suggest holes as the dominant carrier type, as

expected for a nano-scale object with high surface to bulk ratio. See [20] for details.
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Caban-Acevedo et al. 2013

Figure 4.6: Single Nanocrystals of Pyrite Contacted by Electron Beam Lithographyy (EBL). (a)
Single grain as drop-cast onto silica substrate. (b) Four metal lines are drawn to a nanocrystal that
randomly landed in one of 100 predefined boxes. (c¢) Close-up image of (c¢) showing that the metal
lines are ripped off close to the particle. (d) SEM image reproduced from Caban-Acevedo et al.,?
showing a pyrite nanoplate successfully contacted by EBL. See [20] for details.
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4.3.3 Conclusions

Figure 4.7 shows a direct comparison of temperature-dependent conductivity for a natural
single crystal and a CVT grown single crystal to their respective pellets, made by crushing
and pressing the single crystal material. While natural and CVT grown single crystals differ
a lot, pellets pressed from each crystal are very similar. Pellets are surface-dominated and
show the same temperature-dependence and activation energy as thin films. Figure [£.7b
summarizes temperature-dependent conductivity for a representative single crystal, pellet
(both CVT grown), and a thin film, along with a single nanocrystal (data for the latter
taken from [20]). Dominant carrier type was determined by Hall effect for single crystals,
and pellets, by thermopower for thin films, and by field effect for the nanocrystals. Note
the similar activation energy for a p-type regimes, and that the temperature at which the
p-to-n transition occurs shifts to lower temperatures with lower surface to bulk ratio. Fig-
ure shows the normalized conductivity for the high-temperature region. It is striking
that activation energy (negative slope) decreases with increasing surface-to-bulk ratio from
a macroscopic single crystal, to a microcrystalline pellet made from the same, to nano-scale
single crystal, to a nanocrystalline thin film. At higher temperatures the pellet, then the
single nanocrystal and eventually even the film show higher activation energy as the n-type

bulk starts to dominate the p-type surface carriers.

The conclusion of this section is that by increasing the surface to bulk ratio of a given pyrite
material, surface conduction becomes more dominant. As shown in fig. [£.7, transport in
pyrite thin films is dominated by p-type surface conduction at all temperatures, and can be
described by the Werner model. Pellets show similar transport, though with lower overall
conduction, possibly due to poor coupling of the grains. The activation energy of pellets
and nanocrystals is the same as thin films at room temperature and below. However, both
show a region of higher activation energy above room temperature, suggesting a transition

to an n-type regime. This n-type regime is observed for all CVT grown single crystals at
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Figure 4.7: (a) Comparison of temperature-dependent conductivity for pyrite single crystals and
pellets made from these single crystals. (b) Representative conductivity data for pyrite single
crystal, pellet, thin film and single nanocrystal. Data of the latter taken from [20]. Temperature
regimes for n-type and p-type transport are indicated. (¢) Normalized conductivity for the high-
temperature region of panel (b).

room temperature and down to about 110 - 140 K, where the activation energy decreases to
the ~ 30 meV value of thin films and pellets, and transport becomes hole-dominated. These

interesting findings will be quantified and discussed in more detail in section |4.4.2|

4.4 Flux Grown Single Crystals

This section summarizes a study that was done in collaboration with N. Farhi (flux growth
and XRD), N. Berry (flux growth), J. Lindemuth (complementary Hall Effect and MR mea-
surements), C.L. Perkins (UPS), Q. Lin (XRD) and M. Law (principal investigator).”™ Thank
also goes to J. Tolentino for help with variable-temperature absorption spectroscopy and B.
Mercado for single crystal XRD data.

To improve upon the understanding gained in the previous section, more pyrite single crys-
tals of larger size and even higher quality were needed. They were supplied from a flux
growth synthesis. As described in [2.1.2] our lab developed a novel method of flux growth

for pyrite single crystals that yields single crystals up to 1 g in 24 h. The method was
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Figure 4.8: Impact of precursor purity on electrical transport in flux grown pyrite single crystals.
Conductivity (solid lines, left axis) and Hall coefficient |Rp| (squares, right axis) are plotted vs.
temperature for crystals made from 2N (99%) and 5N (99.999%) pure Fe and S precursors. Only
the crystal made from 5N precursors (crystal C) reveals a peculiar maximum in |Rg| along with a
flattening of the conductivity at low temperatures. These phenomena are superimposed by doping
effects in crystals A and B. Further, crystal C is representative of flux crystals grown from 5N
precursors and can be fit well with the model described in section [4.4.2] while crystals A and B
are very different. This variance of electronic properties is also typical for crystals with low purity,
and can be seen in natural crystals.

introduced by Nick Berry and championed by Nima Farhi, and provided high-quality pyrite
single crystals that were so crucial for this work. It produces larger and purer, crystallo-
graphically perfect pyrite crystals more quickly than alternative approaches such as chemical
vapor transport (CVT). The high purity of these crystals proved critical for revealing via

Hall effect measurements a hole-rich layer at the surface of pyrite (see fig. 4.8]).

Above (section , section it was argued that the explanation most consistent with the
experimental data (low photo-voltages from pyrite single crystals, high p-type conductivity
of pyrite thin films regardless of composition or preparation method, effect of surface to
bulk ratio seen in pellets and nanocrystal studies) is that pyrite has a hole-rich surface layer
that results in a leaky and/or small potential energy barrier at the surface. An additional

question that has not been addressed satisfactorily in literature is the origin and explanation
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of the observed maximum in [Ry| (see section [1.3.2)).

In this study, the existence of an inversion layer on the surface of high-quality n-type pyrite
single crystals is demonstrated using variable temperature Hall effect and valence band
photoemission measurements. It is shown that the surface layer is electrically conductive
and dominates transport when the number of surface holes becomes substantially larger
than the number of bulk electrons (i.e., for samples with high surface/bulk ratio and/or
low temperatures). We find that the conductance of the inversion layer can be altered
by physicochemical treatments of the pyrite surface, suggesting that it may be possible to
eliminate this hole-rich layer and boost the V¢ of pyrite solar cells by passivating surface

states and near-surface defects.

4.4.1 Structural and Elemental Characterization

The basic structural characterization of the flux grown crystals is shown in fig. £.9 The
flux synthesis produces highly-faceted but non-cubic crystals with a typical size of 8 x 8 x 6
mm (limited by the size of our crucibles). Most of the facets are optically flat with a golden
mirror finish, but some have a large density of macro-steps and small terraces (fig. )
High-resolution synchrotron powder XRD patterns of crushed crystals index to pyrite with
a room temperature lattice constant of 5.41741 4+ 0.00087 A, and show no trace of other
crystalline or amorphous phases (fig. 4.9b). Likewise, Raman spectra feature only sharp
pyrite peaks (fig. [£.9k). Slabs were cut with a diamond saw parallel to prominent facets
and polished to ~2 nm RMS roughness using SiC paper and a series of slurries (see sec-
tion [2.3.1)). Wide-angle 20 - w XRD scans show the slabs are single crystals with (111) or,
less often, (210) orientation (fig. [£.9¢). (111) rocking curve peak widths of 6 — 9 arcseconds
indicate that the pyrite slabs have a very high degree of crystalline perfection, comparable
to commercial silicon wafers (fig. ) To determine whether the crystals are in fact single

crystalline throughout their volume, we acquired 20-w and pole figure data of slabs cut in
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Figure 4.9: Pyrite single crystals grown in a NagS-sulfur flux. (a) Photograph of two as-grown
crystals. Scale is in centimeters. (b) Synchrotron XRD pattern of a powdered crystal on a log
scale. All 39 reflections index to pyrite and no other phases are detected. A linear least squares
fit of the data gives a cubic lattice parameter of 5.41741 + 0.00087 A at room temperature. The
background pattern is for an empty capillary tube. Small blue bars near the x-axis denote the pyrite
reference peaks. (c) Typical Raman spectrum of a pyrite slab. All peaks correspond to pyrite.’
(d) Photograph of pyrite slabs showing a heavily stepped as-grown facet (left) and a polished facet
(right). (e) 26-w XRD scan on a log scale of a polished slice with (111) orientation. Small blue bars
near the x-axis denote the pyrite reference peaks. (f) (111) rocking curves for a pyrite slab and a
prime grade CZ-grown Si wafer. The pyrite slab shows a FWHM of 6.5 arcseconds, compared to
8.8 arcseconds for the Si wafer. Figure reproduced from [70].
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several orthogonal orientations and found that nearly all specimens are indeed highly-perfect
single crystals (data not shown), although a few samples showed evidence of a small number
of slightly mis-oriented grains in pole figures. Crystal structure refinement yielded site oc-
cupancy factors of 1.00 £ 0.04 for both Fe and S, indicating a stoichiometry of FeS,y within
the error of the refinement. This agrees well with a sulfur-to-iron ratio of 1.988 + 0.03 (i.e.,
FeSo ¢ within experimental error) determined by closed-vessel inductively coupled plasma
optical emission spectroscopy (ICP-OES) analysis of an as-grown crystal, particularly con-
sidering the tendency for sulfur to be lost to the gas phase during pyrite digestion.?! Overall,
these results show that the flux synthesis produces large, high-quality, and stoichiometric

pyrite single crystals.

A disadvantage of the flux synthesis is that the pyrite crystals always contain macroscopic
voids. These voids are clearly visible by eye upon sectioning an as-grown crystal. X-ray to-
mography was employed to image the voids in several as-grown crystals. 3D reconstructions
show that some regions of each crystal contain localized networks of elongated and globular
voids (fig. . Some of the voids open to the external surface of the crystal, while others are
closed. The density of several crystals was measured by helium pycnometry to be 4.904(3)
—4.959(3) g em™3, or 97.9 — 99.0 % of the theoretical density of pyrite (5.011 g cm™ at
room temperature). Since pycnometry measures the skeletal volume (i.e., the volume of the
crystal plus any voids inaccessible to He), we conclude that only a relatively small fraction
of the void volume is closed. Crucially, the top ~1 mm of most crystals is completely free
of voids, while the void density increases toward the bottom of the crystal (i.e., where the
crystal touches the crucible). All electrical and optical measurements described in this study
used void-free slabs in order to avoid potential complications from empty volume effects.

The bulk elemental composition of the crystals was determined by glow discharge mass spec-
trometry (GDMS), instrumental gas analysis (IGA), and secondary ion mass spectroscopy
(SIMS), as described in section GDMS provides a full elemental survey (Li — U) with

ppb — ppm detection limits, while IGA measures gas-forming elements (O, C, N, H, S) over
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a wide dynamic range (ppm to percent levels). SIMS is a surface probe that samples a much
smaller amount of material than either GDMS or IGA (~0.5 mg versus > 10 mg). Table 1
lists all impurities detected in the crystals by the three techniques. Based on the GDMS/IGA
data, the total impurity content of the crystals excluding oxygen, carbon and hydrogen is
~25 ppm, with the only elements above 1 ppm being Cr (6.4 ppm), B (6.3 ppm), Si (4.2
ppm), Na (4.2 ppm), and Cl (1.1 ppm). Chromium is a known impurity in our iron start-
ing material (see figures - in the appendix for information on the impurity content
of precursors) and can be eliminated by using commercial batches of iron that are free of
chromium. Since the sodium was largely removed by thoroughly rinsing crushed crystals in
water, we believe that sodium is present only on the surface of the crystals (as residual flux)
and not as substitutional or interstitial impurities in the pyrite lattice. SIMS data confirm
this interpretation (see below). The origin of the boron, silicon, and chlorine contamination
is less clear. Boron is present regardless of whether pBN or alumina crucibles are used in the
syntheses, so it must originate from the NayS precursor or, less likely, the quartz ampoule.
Silicon probably comes from the quartz. If we disregard Na, our crystals are 99.998 % pure

on a “metals” basis, making them the purest pyrite crystals yet reported.”3:95119,66,65

Although the metal levels are very low, high concentrations of oxygen (1775 ppm) and carbon
(533 ppm) were detected by IGA, and we could not reliably quantify the hydrogen content
by IGA due to instrument complications from sulfur. Oxygen, carbon, and hydrogen could
have important electronic effects if these elements were in the lattice rather than on the
surface of the crystals. We used SIMS depth profiling to verify the concentration of oxygen,
carbon, and a group of other trace elements (H, Cr, Al, F, Cl, Na, K, Mg, and Ca) in
several locations on three different pyrite crystals. As seen in fig. [£.10, SIMS profiles show
that the concentration of oxygen and carbon is only 1 — 5 ppm in the bulk of the crystals,
much lower than the values determined from IGA. The higher concentration of oxygen and
carbon near the surface of the crystals — which probably results mainly from surface particle

contamination (unavoidable for samples prepared in non-UHV conditions) — is insufficient
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Element | GDMS/IGA concentration (ppm at.) | SIMS concentration (ppm at.)
O 1775 1-4
C 533¢ 1-2
N DL(<28) NM
H 7 (15, 52, 560)¢
Cr 6.4 (1, 3, 82)°
B 6.3 NM
Si 4.2 NM
Na 4.2¢ <0.006-0.2
Cl 1.1 0.05-0.2
Ni 0.9 NM
Ca 0.4 <0.003-0.2
Al 0.4 0.07-0.2
Mg 0.3 <0.002-0.08
P 0.1 NM
F DL(<1) <0.03-0.2
K DL(<0.1) 0.0004-0.3

Table 4.1: Table summarizing elemental analysis of pyrite flux crystals grown in pBN crucibles by

GDMS, IGA, and SIMS.

% Oxygen, carbon, and sodium are present on the crystal surface, with very little in the lattice.
Hydrogen could not be accurately measured by IGA. ¢ Values listed for three different crystals to
show variability. All unlisted elements (Li-U) were below GDMS detection limits (0.01-0.5 ppm
at. for most elements). SIMS data are average bulk values (>500 nm from the crystal surface).

DL = below detection limit; NM = not measured
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Figure 4.10: SIMS depth profiles of (a) an as-grown surface and (b) a polished surface of two
different pyrite crystals. DL = below detection limit. Figure reproduced from [70].

to reconcile the IGA and SIMS results, implying sources of oxygen/carbon that the SIMS
experiments do not detect. Based on these combined data, we conclude that the oxygen and
carbon contamination sits mostly on the surface of the crystals and is present in the pyrite

lattice only in ppm concentrations.

SIMS also shows a substantial, sample-dependent concentration of hydrogen (15, 52, and
560 ppm in three different samples) and chromium (1, 3, and 82 ppm) in the pyrite bulk.
Hydrogen is a ubiquitous impurity that may originate from our Hs-reduced iron precursor,
incompletely-dried NaoS or sulfur precursors, or several other potential sources. Hydro-
gen may act as an electronic dopant in pyrite. Chromium is from the iron precursor, as
mentioned above. All other elements monitored by SIMS were below ~0.2 ppm, in rough
agreement with GDMS results. The variation in impurity concentration from sample to
sample probably reflects variations in precursor purity and sample processing, but we can-
not rule out the possibility that the crystals have an inhomogeneous impurity distribution.
Future work will assess the homogeneity of the crystals at different length scales. Based on

the combined GDMS, IGA, and SIMS data, we conclude that (i) our crystals have a total
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lattice impurity content of ~80 ppm (assuming ~52 ppm of hydrogen on average), making
them ~99.992% pure overall, (ii) hydrogen is the major extrinsic impurity, and (iii) surface

particle contamination is responsible for the high levels of oxygen and carbon detected by

IGA.

4.4.2 Hall Effect Studies

Hall effect data were collected on pyrite (111) and (210) slabs in van der Pauw geometry over
a temperature range of 40 — 700 K (see section . Figure plots the conductivity o
and the absolute value of the Hall coefficient |Ry| versus inverse temperature for a typical
sample. The conductivity decreases by a factor of ~10® with decreasing temperature and
shows three distinct linear regions of progressively smaller activation energy: (I) E, ~ 375
meV for T > 500 K; (II) E, ~ 163 meV for 350 K > T > 130 K; (III) E, ~ 24 meV for T
< 90 K. We assign region I as the intrinsic region, where the activation energy is related to
the band gap of pyrite. Region I is discussed in more detail in section [4.4.3] In region II,
the crystal is clearly n-type (large negative value of Ry) and transport is dominated by the
ionization of donor states. Since n > p in this extrinsic region, the Hall coefficient simplifies
to Ry = -1/ne and the Hall data can be used to estimate the free electron density n, mobility
m,, donor concentration Np, and donor energy Ep. At 300 K, n = 5 x 10 cm™3 and m, =

245 cm? V1t g1,

We consider two limiting cases for determining Ep and Np from the slope of Ry (T) in region
II. The slope in this region corresponds to an activation energy of ~195 meV for n(T). We
note that the E, of o(T) is somewhat different (~165 meV) because ¢ is the product of
two temperature-dependent quantities, n(T) and m.(T), while R (T) in the unipolar region
depends only on n(T). If we first assume that the crystals are uncompensated (N4/Np = 0,

where N, is the concentration of acceptors), then the Fermi level is located about halfway
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Figure 4.11: Raw Hall effect data (o and |Rg|) for a pyrite (111) slab with a thickness of 1040
mm. The conductivity shows three linear regions with activation energies of 375 meV, 163 meV,
and 24 meV, respectively. The Hall coefficient exhibits unusual behavior, including a minimum
at ~120 K and a sign change from negative (electron dominant) to positive (hole dominant) at
~80 K. Red squares indicate negative values of Ry, while red and white squares are positive
values. The sign of Ry varies at low temperature because the Hall voltage Vg is very small in this
regime. The high-temperature data can be fit with a model that considers only a homogeneous
crystal with a single donor (dotted traces). A three-layer model (n-type bulk plus p-type surface
on each side of the crystal) is needed to fit the data over the entire temperature range (dashed
traces; see section [2.7.2)). This fit uses the normal parabolic DOS(E) functions, the free electron
approximation, and the Fermi—Dirac distribution function, assuming zero compensation of bulk and
surface. See fig. for fits that include the bulk compensation ratio as a free parameter. Using
instead numerical DOS(E) values obtained from density functional theory (DFT) calculations of
the pyrite band structure®® results in fits that are systematically better at low temperature but
worse at high temperature (see fig. for the fits, fig. for a comparison of the two types of
DOS(E) functions used in the modeling, and fig. for a comparison of modeling results using
the two DOS(E) functions). Fit parameters are shown in table The sample is intrinsic at high
temperatures (red region). With decreasing temperature, transport becomes dominated by bulk
electrons (yellow), enters a transition region of mixed electron and hole conduction (blue), and then
becomes dominated by surface holes as the bulk electrons are frozen out (gray). Figure reproduced
from [70].
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between Ep and the conduction band edge E¢, such that (E¢ - Ep)/2 ~ 195 meV. In this
case, the donor ionization energy Es - Ep is ~390 meV and, using the approximation Np
~ nelFe=Ep)/2ksT e find Np = 9 x 10'® em™ (equivalent to ~120 ppm). However, it
is extremely unlikely for a compound semiconductor to be completely uncompensated. At
~60% compensation (see fig. for justification of this value), the Fermi level is essentially
equal to the donor level, making Ex - Ep ~ 195 meV. In this case, the donor ionization
energy determined from Ry (T) is approximately 195 meV, while Np remains unchanged.
Since including compensation changes little other than the energy of the donor state, we
assume zero compensation in most of the remainder of this study. We believe that the
donor is probably a native defect (most likely a sulfur vacancy or vacancy cluster), since
hydrogen is the only extrinsic impurity with a concentration higher than ~10'® cm™3 yet
the Hall data show no clear correlation to the hydrogen concentration. A graph of electron
density and mobility that assumes (necessarily but wrongly) the validity of the single carrier
approximation for all temperatures is shown for illustration in fig. £.12} The mobility in
region II varies with temperature as T=2° to T=%%, implying that phonon scattering limits
the mobility at intermediate temperatures, as it does in most high-quality single crystals.
The mobility peaks at values up to 1930 cm? V~1s~! at ~120 K before appearing to decrease
at lower temperatures. However, as discussed below, conduction from 90 — 155 K is mixed
between bulk electrons and surface holes, making Ry # —;—;. As a result, the peak electron

mobility in fig. is probably underestimated and the mobility values in this intermediate

range of temperatures have no clear physical meaning.

The Hall coefficient exhibits unusual behavior at temperatures below ~155 K. Instead of
showing the expected monotonic increase in magnitude due to carrier freeze out, |Ry| of the
pyrite samples reaches a maximum at ~120 K, decreases, and then passes through zero at
~80 K and changes sign from negative (electron dominant) to positive (hole dominant) at
lower temperatures. This sign change appears as a cusp in |Ry/(T)| in fig. 4.11] Such an Ry

extremum and sign reversal cannot occur in a doped or compensated semiconductor away
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Figure 4.12: (a) Mobility and (b) concentration of free electrons (red markers) and holes (green
markers) as calculated from the Hall data in fig. assuming validity of the unipolar approxima-
tion at all temperatures (i.e., n,p = 1/|Rgel|). Note that this approximation is violated in regions of
mixed electron and hole conduction (i.e., the intrinsic region and the temperature range of 80 - 150
K). Solid and dashed curves denote the values used to parameterize the model. These values match
the data in the unipolar regions (>150 K for electrons and <80 K for holes). Electron mobility
in the bulk, g pu, follows a T~25 dependence at high T, as is common for phonon scattering.*
Hole mobility in the bulk, pp puik, is assumed to be 1/3 of pe puir at all T. Note that the value of
Hepulk 18 irrelevant at low T and fup, pyx is irrelevant at all T due to the low carrier concentrations.
Thus, no assumptions about bulk mobility at low T were necessary to model the data. For example,
including ionized impurity scattering at low T had no effect on the fits (as expected). Hole mobility
in the surface layer, pi, surface, Was estimated from low T data using the unipolar approximation.
We found values ranging from 0.1 to 10 cm?/Vs and used the best fit result of ~2 cm?/Vs in the
model. Electron surface mobility is irrelevant due to negligible carrier concentration and was set to
e sur face = Mh,sur face fOr simplicity. Note that the concentration of holes used to model the surface
layer (dotted green line in (b)) is five orders of magnitude higher than the data points because ppyik
is calculated from the data is with respect to the bulk while psy,face is calculated with respect to
just the surface layer, which is about 10° times thinner than the bulk. Figure adapted from [70].
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from the intrinsic region unless (a) the mobility of holes becomes many orders of magnitude
larger than that of electrons at low temperature, (b) the mechanism of charge transport
changes from band conduction to some form of hopping below ~155 K, or (c¢) conduction in
a p-type surface inversion layer dominates the low-temperature transport. To test premise
(a), we calculated Ry (T) self-consistently for widely-varying combinations of dopant density,
dopant ionization energy, and carrier mobility and found that low-temperature Ry sign
changes can occur only when m.(T) or my(T) is unphysical, such as when m;(T) increases
exponentially by many decades with decreasing temperature (see fig. for all conceivable
scenarios). We conclude that the observed Ry (T) behavior must be due to either a transition

to hopping transport (premise b) or surface conduction (premise c).

Conduction by hopping between localized states in a compensated single crystal can cause
unusual Ry behavior — including extrema and possibly sign reversals — that might in princi-
ple explain our Ry (T) data.*®% Only a few reports have presented non-monotonic Ry (T)
data from pyrite.?% 474950108 Nogt notably, Tomm et al. observed a maximum in |[Ry]
similar to ours, but with no sign reversal.!® These authors attributed the Ry turnover to
a transition to hopping conduction at lower temperatures, without providing evidence to
support this interpretation. Various types of hopping transport have also been reported re-
cently in single-crystal pyrite nanostructures?® and mixed-phase pyrite thin films containing
metallic Fe grains.'?% To test for hopping conduction in our crystals, we first determined the
temperature dependence of the low-temperature resistivity (region III in our notation).

The resistivity p of a single crystal typically takes the form p(T) = pg exp[(To/T)?], where p
= 1 can indicate either band conduction or nearest neighbor hopping, p = 1/2 usually corre-
sponds to Efros-Shklovskii variable range hopping (ES VRH), and p = 1/4 is characteristic

of Mott variable range hopping.” To determine the value of p, we linearized p(T) using the

Zabrodskii method described in [125], giving ln(—gf;‘((%) = constant - p In(T). Fits of the
low-temperature resistivity data yield p ~ 0.53 from 40 — 100 K, consistent with ES VRH

(see fig. [4.14). In Gaussian cgs units, Ty = 2.8 €*/(kakp), where & is the dielectric constant
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Figure 4.13: Self-consistent calculations of |[Ry(T)| for a homogeneous semiconductor at different
combinations of doping and p(T). (a) Plots of the mobility functions used to calculate the various
scenarios. (b) |Rg(T)| for Scenario #1: Ry is negative at all temperatures because n = p but fi,
> pp. |Rpy| increases monotonically as the carriers freeze out. (¢) Corresponding band diagram
showing Er (dotted line), n (red line), p (green line), Ey, and E¢ versus inverse temperature.
(d) |[Ru(T)| for Scenario #2: Since n = p, Ry takes the sign of whichever carrier has the higher
mobility. Therefore, Ry changes sign at ~90 K. Since the flux crystals are far from intrinsic, this
scenario is not relevant to the case at hand. (e) Corresponding band diagram. (f) |Rg(T)| for
Scenario #3: Ry is negative in the intrinsic region because n =~ p but p. > pun. Ry changes sign
when p > n outside of the intrinsic region due to the acceptor doping. This Ry behavior is typical
for doped semiconductors. (g) Corresponding band diagram. (h) |Rg(T)| for Scenario #4: This
type of non-physical pp,(T) function is required in order to overcome the large difference between n
and p and force Ry to change sign at low temperatures. Note that low to moderate p-type doping
(N4 < 10" em™3) would be fully compensated and would not change this scenario. The physical
irrelevance of this scenario illustrates the practical impossibility of an Ry sign change occurring
in a homogeneous doped semiconductor outside of the intrinsic region. (i) Corresponding band
diagram. All calculations employed parabolic DOS(E) functions. Figure reproduced from [70].
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Figure 4.14: Low-temperature resistivity data and fits. (a) Logarithmic derivative plots to linearize

p(T) = po exp[(Ty/T)P] in order to determine the value of p. Here, In(W) = In(- j((llg :’;))) Data are
shown for four pyrite single crystals (including the crystal used in fig. , plus a mixed-phase
thin film annealed at 400 °C from [126]. The value of p ranges from 0.53 to 0.58. (b) The data
plotted versus T~1/2, along with fits to the linear regions at low temperature. The value of T

ranges from 3550 to 6350 K. (c) Plots versus T~! and (d) T~!/4. Figure reproduced from [70].
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of pyrite (k = 20.5, see section and a is the characteristic radius of the localized state
participating in VRH. Given the limiting values of Ep extracted from Ry (T) (i.e., Ec - Ep
= 0.390 eV for zero compensation and E¢ - Ep = 0.195 eV for finite compensation) and
assuming an effective electron mass of 0.45 m,,%? our samples have a = fi/y/2mEp = 4.6
- 6.6 A and thus Ty = 3480 — 4920 K.? Note that this a is smaller than the Bohr radius
of electrons in pyrite (agop, =~ 23 121)52 because the state radius decreases as E;/ 2, making
deep donors smaller than shallow donors. Fits to the data from four crystals give Ty =
3550 — 6350 K (fig. , in reasonable agreement with the value expected from ES VRH
theory. We conclude that the low-temperature p(T) data are generally consistent with ES
VRH. However, hopping in single crystals, and especially VRH, usually occurs at much lower
temperatures and with significantly smaller activation energies than is observed here.

We therefore sought to confirm ES VRH transport by measuring the dependence of the trans-
verse magnetoresistance (MR = 100(p(H) - p(0))/p(0)) on magnetic field and temperature.
If conduction in a doped semiconductor is due to band transport rather than hopping, the
resistivity should have a weak parabolic dependence on the magnetic field H, i.e., p(H) ~
po[l + p%(1o H)?], when the field is weak (i.e., |uuoH| < 1), where p is the majority carrier
mobility and pg is the magnetic permeability.!® On the other hand, a characteristic feature
of any type of hopping conduction is a large positive MR that increases exponentially with

the strength of the magnetic field as
p(H) = poy exp(AH™), (4.1)

where the value of m and the form of A depend on H.%%3" The large positive MR is due to
compression of the wavefunctions of localized states by the field that causes a rapid decrease
in overlap between the tails of these states. For nearest-neighbor hopping in weak magnetic
fields (i.e., when the magnetic length A = \/W is much larger than the characteristic

radius of the impurity state) m = 2 and A = 0.036 ae?/ Nc2h?, where N is the impurity
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concentration.”® Since A > 85 A and a < 6.6 A for our samples, the condition A > a is
satisfied and the weak-field regime applies. A second condition for weak-field hopping MR is
light to moderate doping of the semiconductor (i.e., Na® < 1).% Using N ~ 10! ecm? for our
crystals, we find Na3 ~ 0.001 - 0.003, well within the range of validity of this equation. Using
eq. (4.1) with weak-field values for m and A, we predict only a very small MR of ~0.04%
at our maximum field of 90 kOe. An even smaller MR (0.0007 — 0.0032%) is expected if ES

VRH is the conduction mechanism at low temperature (see eq. (4.2)) below).

Figure shows typical magnetoresistance data for a pyrite crystal at 70 K and 300 K.
The MR is weak and positive at these and all other temperatures measured (30 — 300 K).
The maximum value of the MR at 70 K is ~0.3%, which is ~8 times larger than expected
for nearest-neighbor hopping and > 95 times larger than expected for ES VRH. We find that
the 70 K data can be fit equally well to a parabolic (band transport) or exponential (ES
VRH; see eq. ([1.2))) field dependence, but the extracted values of u (63 cm? V! s71) and
Ty (106,000 — 278,000 K) are unreasonably large (fig. [1.15). We conclude that p(H) obeys
neither expression and cannot be used to distinguish between band and hopping conduction
in these samples. The fact that even the 300 K MR data fit well to an exponential, hopping-
type function suggests that p(H) is of limited use in determining the transport mechanism
when the MR is small and positive.

The temperature dependence of the MR is also inconsistent with hopping. The typical

temperature dependence of MR for ES VRH is
p(H) = po expl(ta*/X)(To/T)*?), (4.2)

with t = 0.0015.%° Usinga = 4.6 — 6.6 A and T = 3480 — 4920 K, eq. (4.2)) predicts the MR
to increase by less than 0.01% from 100 K to 30 K at our strongest field (90 kOe). Plots of
MR vs. T from 30 — 300 K are shown in fig. 4.15| Although the low temperature (< 100 K)

data are too scattered to reliably determine the temperature dependence of MR at weaker
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Figure 4.15: Transverse magnetoresistance [MR = 100(p(H) - p(0))/p(0)] of a pyrite single crystal.
(a) MR as a function of magnetic field at 70 K (left) and 300 K (right), along with band transport
and ES VRH fits. Qualitatively, the fits are equally good at both temperatures. However, the
fits at 70 K result in unphysically large values of p and T, suggesting that the MR is neither
simple band nor ES VRH transport. At 300 K, the value of p is quite reasonable, but that of Ty
is again unphysically large. The ES VRH fits shown here assume a = 6.6 A. (b) MR as a function
of temperature. Data for a representative sample from 30-300 K at three different values of the
magnetic field. (c¢) Detail view of the low-temperature region, including fits to eq. . While the
data at 30 and 60 kOe are too scattered to determine the temperature dependence of the MR, the
MR at 90 kOe clearly increases with decreasing temperature in qualitative agreement with eq. .
However, an unphysically large value of T is required to fit the data. Figure adapted from [70].
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fields, at the strongest field the MR increases with decreasing temperature in qualitative
agreement, with eq. . However, fits to the data yield unreasonably large values for T
on the order of 10° K. Based on this lack of quantitative agreement, we conclude that the
temperature dependence of MR does not support hopping transport.

Overall, the p(T) and p(H) data are inconsistent with each other and unable to provide a
firm conclusion about the existence of hopping transport in these pyrite crystals. The p(T)
analysis supports ES VRH transport, but MR(H) cannot be explained by simple hopping
or band conduction and MR(T) is inconsistent with hopping. A more definitive conclusion
could be obtained by determining whether the low-temperature resistivity shows an expo-
nential dependence on the concentration of impurity states, but so far it has not proved
possible to control the dopant concentration in pyrite to the degree needed for such a study.
Regardless of whether hopping occurs, the results we present below establish beyond doubt
the existence of a conductive inversion layer at the surface of pyrite. The open question is
then whether carriers in this surface layer move by hopping, conventional band transport,

or perhaps even by impurity band transport at low temperature.

We can quantitatively account for the Hall behavior of our pyrite crystals (e.g., fig. by
supposing that conduction is by a p-type surface layer in parallel with the n-type bulk of the
crystal. The surface layer is an inversion layer caused by large upward band bending at the
surface of the crystal. The origin of this band bending is discussed below. To model the Hall
data, the crystal can be thought to consist of three layers: the bulk and a surface layer on each
side of the crystal. Our model follows the approach of Petritz® and assumes a single donor
level in the bulk and a single acceptor level in the surface layer (see section . Nonzero
compensation in the bulk was also considered in some modeling fits. We calculate Ep(T) self-
consistently from the semiconductor charge neutrality condition and then determine n(T)
and p(T) in all layers, while the mobilities are inputs to the model parameterized from the

Hall data in the unipolar regions. The dotted traces in fig. 4.11| show a simultaneous fit
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Parameter (unit) | Parabolic DOS | DET DOS

Np (ecm™) 6.3 x 1018 5.6 x 101
Ec - Ep (meV) 390 380

N4 (cm™3) 22x 102 | 4.5x 10
E, - By (meV) 50 50
Egap300x (meV) 700 700
pp (cm? V=1 g1 2.5 2.5
ds (nm) 4.4 4.4

Table 4.2: Fit parameters used in fig. and fig.

of the high-temperature ¢ and Ry data by considering only the bulk (zero compensation),
without the surface layers. This fit is good at temperatures above the |Ry| maximum, but
of course cannot capture the unusual low temperature behavior. Including the surface layers
in the model results in a good global fit over the entire temperature range (dashed traces).
Parameters used in the fits in fig. and fig. [B.3] including estimates of the density and
ionization energy of both the donor and acceptor, are listed in table and are physically
reasonable. Using parabolic DOS(E) functions in the model results in the following typical
values for the parameters: Np = 6.3 x 10'® em™; E¢ - Ep = 390 meV; E4 - Ey = 50
meV; d, = 4.4 nm; u, = 2.5 cm? V™! s71. The surface acceptor density N A,surface depends
on surface preparation and varies in the range of 10'® — 10%! cm™3. See fig. for typical

model outputs specific to the bulk and surface layers.

This model provides a simple explanation for the existence of the maximum and sign reversal
in [Ry|: bulk conduction of electrons dominates at temperatures higher than the maximum
(giving Ry < 0), while surface conduction of holes dominates at temperatures lower than the
maximum (and gives Ry > 0). The activation energy of o at T < 90 K (i.e., in region III)
may correspond to the ionization of holes from a shallow surface acceptor into the valence
band. At temperatures close to the |Ry| maximum, bulk and surface conduction are of
similar importance, giving rise to a regime of mixed transport between bulk electrons and

surface holes. Spatial separation of these charge carriers is maintained by the surface electric
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Figure 4.16: Comparison of DOS(E) functions calculated using the normal parabolic band approx-
imation (red) versus density functional theory (GGA+U, blue), on both (a) logarithmic and (b)
linear scales. These DOS(E) functions were used to model the Hall data and electronic band gap
of pyrite. DFT results are taken from [52]. Figure reproduced from [70].

field that defines the inversion layer. In other words, the inversion layer is to some extent
electrically isolated from the n-type bulk by a depletion region (see fig. |4.21]). As we discuss
below, the inversion layer revealed by our Hall measurements is likely the main reason that

pyrite has a photo-voltage much smaller than its band gap permits.

Critical additional evidence for surface conduction in an inversion layer comes from the
dependence of the Hall data on sample thickness. In principle, decreasing the slab thickness
should decrease the ratio of the bulk to surface layer thicknesses and change ¢ and Rpy
according to eq. and eq. . Only when surface conductivity is quite different from
bulk conductivity do we expect to affect the Hall data by changing the surface-to-volume
ratio. We acquired Hall data on several pyrite slabs as a function of thickness by using
mechanical polishing to progressively thin the slabs between measurements. Care was taken
to prepare the surfaces in the same way for each measurement in order to avoid uncontrolled

differences in surface morphology or chemistry that might influence the results.
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Figure 4.17: Typical examples of calculated Fermi energy Ep and carrier concentrations as a
function of inverse temperature for the (a) bulk and (b) surface layers. Zero compensation is
assumed. Figure reproduced from [70].
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Figure 4.18: Dependence of Hall data on sample thickness. The crystal was thinned down, polished
on both sides and etched in piranha solution for 2 minutes prior to each measurement (except for
the 490 mm data, for which only one side was freshly polished prior to piranha treatment). After
an initial fit of the 820 pm data (dotted blue curve) was performed, all other dotted curves are
predictions (not fits!) from the multi-layer model, using the same parameters used for the original
820 pum data, only changing the sample thickness. This predictability of temperature-dependent
Hall effect and conductivity data was confirmed on three more crystals that were thinned down the
same way. Figure reproduced from [70].
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Figure m presents Hall data (80 — 350 K) for a representative crystal at thicknesses of 820,
490, 140, and 60 pm, along with predictions from the model (dashed traces). We observe
systematic changes in the low-temperature data that are in qualitative agreement with pre-
dictions from the multi-layer model. With decreasing sample thickness, the |Ry| maximum
shifts to higher temperatures (from 118 to 152 K in fig. and the low-temperature o
increases by a factor of ~20 with no change in activation energy. The Ry sign reversal also
occurs at progressively higher temperatures (from 85 to 100 K). These effects are geomet-
ric: since surface layer conductance is a larger fraction of the total conductance in thinner
samples, surface conduction starts to dominate Ry at higher temperatures as the crystal
is thinned. Because the surface conductivity is much larger than bulk conductivity at low
temperatures (for example, oy, = 6 x 1077 S/em and 04,,-p = 0.53 S/cm at 100 K), the total
sample conductivity increases for thinner samples. We note that the systematic thickness
dependence of |Ry| and ¢ shown in fig. is in itself sufficient evidence to prove that pyrite
has a conductive surface layer. As expected, control experiments on silicon single crystals
showed no change in |Ry| or o as a function of slab thickness because silicon lacks a con-
ductive surface layer (see appendix, fig. [B.5]). These control experiments provide additional

confirmation that our model and interpretation of the pyrite data are correct.

The low-temperature Hall data is also sensitive to mechanical and chemical modification of
the crystal surface, as expected if surface conduction dominates transport. Figure [£.19shows
how |Ry| and o change as a typical pyrite slab is cut, polished, damaged by grinding with
SiC paper, and then etched in piranha solution to remove the surface damage. Polishing the
as-grown slab causes a small increase in conductivity and slight shift of the |Ry| maximum
to higher temperature. Damaging the surface by mechanical grinding results in a much
larger change of the same kind, consistent with a thicker and/or more conductive surface
layer. Rocking curves show that significant lattice disorder is induced by the grinding step.
A brief piranha or nitric acid etch removes this surface damage, dramatically lowers the

conductivity, and shifts the |Ry| maximum to lower temperature (from 140 to 114 K),
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Figure 4.19: Dependence of the Hall data on gross surface modifications. (a) Data for one pyrite
sample after the following sequence of surface treatments: as grown = no treatment of top surface,
bottom surface rough cut with a diamond saw; polished = after polishing both sides to ~2 nm
RMS roughness (see section ; damaged = after aggressive grinding of both sides with SiC
paper; piranha etched = after a 5 min etch in piranha solution. Sample thickness: 400 — 500 pm.
(b) SEM and AFM images of the as-grown crystal. RMS roughness = 1.3 nm. (c¢) SEM and AFM
images of the polished crystal. Roughness = 1.6 nm RMS. The particles present in (b) and (c) were
determined to be pyrite by energy dispersive spectroscopy (EDS). (d) SEM image of the crystal
after damaging the surface with SiC grinding paper. (e) SEM image of the crystal after etching in
piranha. Note that while a 5 min piranha etch of a damaged crystal results in pitting, the same
etch of a polished crystal leaves an unpitted, planar surface. See fig. for SEM and AFM images
of a polished, then piranha-etched sample. (f) (111) rocking curves for a pyrite slab as a function of
surface modification. FWHM values are given in the legend in units of arcseconds. Figure adapted
from [70].
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Figure 4.20: Upper valence band spectra of a polished pyrite (111) slab before and after surface
cleaning by UV /ozone and aqueous NHyF etching. Inset is a magnified view of the edge of the
valence band. In both cases, Er - Eyy &~ 0.11 eV and the surface of the n-type crystal is p-type.

Figure reproduced from [70].

indicating a decrease in the thickness and/or conductivity of the surface layer to below
that of the polished crystals. Modeling shows that the effective surface acceptor density
decreases by a factor of up to 20 after piranha or nitric acid etching of polished crystals.
These surface modifications have a large impact on the low-temperature data (where the
surface layer dominates transport), but very little impact on either o or Ry at temperatures
above ~160 K. A chemical understanding of these changes is the goal of ongoing studies. It
is possible that piranha and nitric acid treatments reduce the conductivity/thickness of the
surface layer by oxidizing the surface and passivating some fraction of the surface states. The
partial suppression of surface conduction by oxidizing etches raises the hope that suitable
chemical treatments can be devised to control and eliminate the inversion layer at the pyrite

surface. See section for further discussion of surface passivation.

We used ultraviolet photoelectron spectroscopy (UPS) to independently confirm the existence
of the inversion layer (see section [2.4.5). Figure shows room-temperature He I UP

spectra of a polished pyrite (111) slab acquired before and after cleaning the surface with

104



a sequence of UV /ozone (UVO) and ammonium fluoride treatments to remove adventitious
organic and oxide contamination. Both spectra show that the Fermi level lies 0.11 + 0.05
eV above the valence band maximum (inset fig. , i.e., the surface is p-type in both cases
assuming that the surface band gap is greater than ~0.2 eV. In light of the Hall results
presented above, it follows that the surface must feature an inversion layer with a band
diagram similar to fig. [£.21]

The likely existence of an inversion layer at the surface of pyrite was established twenty years
ago by Bronold and coworkers using UPS measurements of vacuum-cleaved (100) single

L1413 OQur UPS results reproduce this early work and, together with our Hall

crystals.
analysis, show that it is correct for pyrite (111), (210), and (100) surfaces. Following Bronold,
we attribute the pinned Fermi level and resulting inversion layer to intrinsic surface states
with energies near the valence band edge. The inversion layer probably originates from
a symmetry reduction at the pyrite surface and not from contamination (e.g., oxide or
adsorbed organic species). Experimental evidence for the inversion layer has been overlooked

124,102 vt surface conduction

in recent efforts to explain the low voltage of pyrite photocells,
in accumulation or inversion layers is quite common for semiconductors, with important
examples including Mg,Sn,*® Ge,%' HgCdTe,” pyrite NiS,,'% and InN.5"% It has taken
until now to demonstrate the importance of surface conduction in pyrite for two reasons:
first, many pyrite samples are too impure to clearly see surface conduction in Hall data and,
second, the few examples of unusual Hall data reported in the literature went unnoticed or
were interpreted as hopping.!®®

The inversion layer can account for the low photovoltage of pyrite photocells.® As originally
argued by Bronold, the low voltage may be caused by thermionic field emission through a
thin triangular potential barrier at the surface of the crystal (fig. ).13 At the pyrite
surface, the iron coordination number is reduced from six to five. This symmetry reduction

(distorted octahedral to square pyramidal coordination) creates iron-based surface states at

energies close to the valence band edge. Fermi level equilibration of the n-type bulk with
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these surface states generates strong upward band bending and an inversion layer. During
equilibration, donors near the surface rise above the Fermi level and are ionized, which
augments the surface field and creates a thin triangular potential barrier through which
majority carriers can tunnel directly or with the assistance of empty donors (fig. 4.21h).
Because this leaky potential barrier is poor at separating charge, the dark current is large
and the maximum V¢ limited to ~0.2 V (i.e., the portion of the barrier not shorted by
tunneling). In this picture, increasing the Voo will require reducing the concentration of
surface states (responsible for the inversion layer) as well as near-surface donors (responsible
for the triangular tunnel barrier and, ultimately, the low Vo). We estimate that reducing
Np below ~10'" em~3 would render field emission insignificant and boost the maximum V¢
above 450 mV. However, our efforts to lower Np below ~10* ¢cm™2 have been unsuccessful
so far and it remains to be seen whether these donors — which we believe are sulfur vacancies

and associated defect clusters — are inevitable in pyrite.

The inversion layer can also explain why most polycrystalline pyrite thin films show the
same electrical properties — a high hole concentration, low mobility (<1 em? V= s71), and
activated transport with a small activation energy of ~30 meV — regardless of preparation
method.% 97 116:4 Thin films are often dominated by surface effects due to their large surface-
to-volume ratios. In the case of pyrite films, transport may be governed by surface conduction
via the hole-rich accumulation/inversion layer around each crystallite. These surface layers
would form continuous networks for long-range transport through the films. Unlike pyrite
single crystals, which are dominated by surface conduction only at temperatures low enough
to freeze out a sufficient fraction of the bulk electrons, pyrite thin films have a large surface
volume fraction and are therefore dominated by surface conduction at all temperatures. The
fact that pyrite films have the same activation energy (~25 meV) and low hole mobility (<1
cm? V=1 s71) as single crystals in the low-temperature, surface conduction regime is strong
evidence that the commonly-observed p-type electrical behavior of pyrite films is caused by

conduction within a hole-rich surface layer.
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Figure 4.21: Calculated equilibrium band diagram of the pyrite surface at 300 K (see section .
In the bulk, Ep is located ~190 meV below the conduction band edge (consistent with Np = 6
x 10" em™3 and E¢ - Ep = 390 meV from Hall data). Zero compensation is assumed; including
bulk compensation in the calculation did not change the qualitative features of the diagram. At
the surface, Er is pinned ~100 meV from the valence band edge (consistent with UPS data).

(a) The surface band gap is assumed to be equal to the bulk band gap E, = 0.76 eV (see sec-
tion . Equilibration of bulk with surface results in steep upward surface band bending of
~480 meV and the generation of an inversion layer (p > n) approximately 4.4 nm thick (denoted
by the vertical dotted line). The inversion layer is separated from bulk by a depletion layer ap-
proximately 160 nm thick (defined here as n = 0.95 npyx). Most donors in the inversion layer
are ionized (open red diamonds), which augments the surface electric field and results in a narrow
triangular potential barrier across which carriers can readily tunnel. Tunneling is a loss mechanism
that degrades the ability of the barrier to separate charge and produce voltage. As drawn, the top
~295 mV of the barrier is lost to tunneling, leaving a maximum photovoltage of only ~178 mV
for any pyrite junction. The maximum Voo becomes ~340 mV if E, is assumed to be 0.94 eV
rather than 0.76 eV. (b) Assuming a reduced surface band gap of 0.40 eV, equilibration of bulk
with surface results in relatively weak band bending of ~250 meV, which represents the upper limit
for the pyrite Voo. Thus, tunneling is unnecessary to explain the low V¢ if a narrow-gap surface
layer is present. An inversion layer (p > n) approximately 3.0 nm thick is also created (denoted by
the vertical dotted line). It is separated from the bulk by a depletion layer approximately 140 nm
thick. Figure adapted from [70].
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Our Hall data can also be understood in terms of an inverted surface layer with a band gap
that is smaller than the bulk band gap of pyrite. Several DFT studies have concluded that
the low photovoltage of pyrite devices may be caused by narrowing of the “band gap” of
the first three atomic layers of the pyrite surface (~0.7 nm) to less than 0.6 eV by intrinsic
surface states or surface nonstoichiometry.'?4 27 Recently, Herbert et al. presented scanning
tunneling spectroscopy (STS) evidence that the clean pyrite (100) surface has a band gap of
0.4 £ 0.1 eV.*® We find that a thin surface layer with a reduced band gap (E, = 0.3 ~ 0.6
eV) has very similar electrical consequences to an inversion layer with the same band gap
as bulk pyrite, namely: (i) both layers are p-type (since Er - Eyy &~ 0.1 eV at the surface)
and responsible for the surface hole conduction we observe at low temperatures; (i) both
layers can restrict the Voo to <200 mV, albeit by different mechanisms (compare the band
diagrams in fig. an inherently small built-in potential would cause the low V¢ in the
former case, while thermionic field emission is responsible in the latter case); (iii) the two
layers have the same origin (intrinsic surface states) and so the same remedy (passivation of
surface states and near-surface defects). Changing the band gap of the surface layer has a
negligible effect on our Hall modeling, meaning that we cannot tell whether the band gap of
the surface differs from that of the bulk on the basis of the Hall data alone. Likewise, UPS
probes <1 nm into the crystal surface and the data in fig. are consistent with any value
of the surface gap greater than 0.2 — 0.3 eV. A combined UPS and inverse photoemission
study could complement STS to definitively establish the band gap of the pyrite inversion

layer.

4.4.3 Assessment of the Bulk Band Gap of Pyrite

Above we presented evidence for an inversion layer at the surface of n-type pyrite single
crystals and argued that thermionic field emission across this inversion layer is likely re-

sponsible for the low photovoltage of pyrite photocells, in line with earlier work by Bronold
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et al.!?

Our data are also consistent with the presence of a narrow-gap surface layer that
generates only a small potential barrier and thus a small maximum Voe. Now, we evaluate
an important alternative explanation for the low Voo of pyrite, namely that the bulk band
gap of pyrite has been overestimated in literature and is actually substantially smaller than
~0.95 eV at room temperature. If the bulk electronic band gap was in fact 0.5 — 0.6 eV,
then the maximum Ve might be 0.2 — 0.3 eV, in good agreement with experiment. Indeed,
a small band gap is a more parsimonious explanation for the low V¢ than a leaky inversion
layer. It is therefore important to reassess the size of the pyrite band gap as rigorously as
possible.

The main reason to suspect that pyrite may have a smaller band gap than commonly believed

124,102,52 showing that the conduction

is a series of density functional theory (DFT) studies
band of pyrite features a long tail of states extending to the edge of the gap (see fig. .
Because of its low density of states (DOS) and small optical matrix elements,?? this tail could
easily be invisible to the typical spectroscopic measurements used to estimate semiconductor
band gaps, leading to systematic overestimation of the pyrite gap when measured optically.
To the best of our knowledge, there is no convincing experimental evidence for this tail of

42,85 414

states. Maps of the conduction band DOS by inverse photoemission spectroscopy
electron energy loss spectroscopy®® lack a clear tail, but this may simply reflect the inherent
difficulty of detecting a weak DOS tail and the fact that searching for a tail was not a focus

of these earlier studies. Experiments designed to detect and characterize this proposed tail

of states are necessary.

For materials with soft band edges, electrical measurements can provide more accurate
band gap estimates than optical measurements. The electronic band gap is commonly ex-
tracted from the temperature-dependent conductivity in the intrinsic region using o(T) =
A exp(%), with both A and E, treated as independent of temperature.'®® However, this
expression is based on several simplifications, including the parabolic band approximation,

the free electron approximation, and the Boltzmann approximation, each of which may be

109



Temperature (K)

Temperature (K)

a 800 600 500 400 350 300 b 800 600 500 400 350 300
= - T T 7 T T T 10 F T T T T =
— 100 [Ny Arrhenius fits ] - E _ E
- parabolic band fits 3 A M runf, heat_mg
e F —— DFT fits . = W run 1, cooling
© 10 I <4 |m Sample 1 o 1€ run 2, heating 3
2 3 | €, =904 E, =800E, =750 | & run 2, cooling
? 1 : 4 | m Sample 2 -o? 01E 3
S 3 | Eeun=912.Ey,, =810, Ey =760 > : E
% ] m Sample 3 g N e ]
5 01 3 | Eq,., =750, Eg,, =670, Eg, =620 B 01k ]
c c . E - E
@] [e) E ﬁ..‘ 3
O o001 N (&) ]
Ll 1 PN L N 0.001 Bt ] vl

15 I 20 - 2I5 - 3.0
1000/T (K™

B 15 . .2.0. - .2.5
1000/T (K™)

Figure 4.22: Conductivity of pyrite crystals in the intrinsic region. (a) High-temperature conduc-
tivity data for three crystals. The intrinsic region of each sample is fit with the simple Arrhenius
expression (dotted lines) as well as models employing DFT or parabolic DOS(E) values (gray and
yellow lines, respectively). All fits assume u(T) oc T2, Listed to the right of the graph are
room-temperature Ey values (in meV) determined by the three different approaches. (b) Two sets
of heating and cooling curves (300 K to 750 K) for Sample 1. The activation energy is unchanged
by heating, suggesting that surface sulfur loss and possible phase transitions from FeSy to sulfur-
deficient Fe,S, and FeS do not appreciably alter the electrical properties of the samples. Heating
and cooling rates = 7 — 14 K/min. Sample thickness = 700 — 1040 pum. Figure reproduced from
[70].

110



inappropriate for pyrite. DFT results show that the valence and conduction bands of pyrite
are not parabolic and the DOS(E) functions are neither free carrier like nor symmetric (the
valence band has a much larger DOS than the conduction band). Violation of the parabolic
band approximation by pyrite has been previously pointed out by Ferrer et al.3®2® If the
DOS from DFT is correct, then the Fermi level must lie close to the conduction band edge
at high temperatures (see fig. |B.4)), and the slope of an Arrhenius conductivity plot will not
correspond to half of the band gap. This complicates any estimate of the pyrite band gap
from the intrinsic conductivity.

A further complication is that both A and E, depend on temperature. In deriving the nor-
mal expression for o(T), the DOS is approximated with the free electron gas and Boltzmann
statistics are used to give n;(T) = /Ny (T)No(T) 61'17(2;5%) o T3/26$p(%). Combining

this expression with the temperature-dependent mobility due to phonon scattering (u(T) o

T—3/2) yields the usual o(T) equation with constant A. This equation is probably not correct
for pyrite for the reasons mentioned above, and A may change significantly with temperature

depending on the explicit forms of DOS(E) and p(T). Furthermore, E, typically varies with

aT?

743> resulting in a substantial

temperature according to the empirical relation E, = E,, —
change in E; (often several hundred meV) from room temperature to within the intrinsic
region. A numerical model using explicit forms of DOS(E) and Ey(T) and good estimates

for p(T) is therefore required to determine the pyrite band gap from o(T) data. This is the

approach we adopt in the following analysis.

Arrhenius conductivity plots of three pyrite crystals (300 — 750 K) are shown in fig. .
Since the pyrite samples were measured at high temperature, we first checked whether sulfur
loss and the formation of sulfur-deficient phases at the crystal surface may affect the con-
ductivity data. Fig. shows that the o(T) curves of sample 1 are unchanged over several
cycles of heating and cooling, suggesting that loss of surface sulfur has negligible impact on
the data. In situ XRD scans of crystals subjected to these heat treatments confirmed that

the formation of sulfur-deficient phases (FeS and Fe;Sg) becomes appreciable only above 775
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Figure 4.23: XRD patterns of a pyrite (111) single crystal before and after heating to progressively
higher temperatures in ultrapure (5N nitrogen). (a) 26-w scans. (b) Omega scans with a grazing
The sample was heated within 60 minutes to the temperature
indicated, held at that temperature for 1 minute, and then cooled to room temperature within 60
minutes prior to data acquisition. The data labeled “550 °C dwell” were acquired after holding the
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Figure 4.24: Shaded areas (left axis): the valence and conduction band density of states calculated
by DFT using the GGA (red) and GGA+U (blue) levels of theory. Solid lines (right axis): the
integrated density of states for the conduction band at the two levels of theory. The integrated
DOS(E) at the conduction band edge is much higher than intrinsic carrier densities at all temper-
atures considered in the text (< 750 K), so a significant (> 25 meV) Burstein-Moss shift can be
ruled out. DFT results are taken from [52]. Figure adapted from [70].

K (fig. or after prolonged heat soaking at somewhat lower temperatures (> 675 K).
Furthermore, our multi-layer model shows that the buildup of a metallic surface layer of
any significant thickness would produce an obvious upward shift in the conductivity curves,
which is not observed. We therefore believe that the o(T) data in fig. reflect the be-
havior of pyrite itself in the intrinsic region.

Prior to analyzing the o(T) data, we also estimated whether thermal excitation of electrons
at intrinsic temperatures could fill enough of the conduction band tail of states to result in
a Burstein—-Moss type increase of the apparent electronic band gap. However, the intrinsic
electron density at even the highest temperatures explored here (~750 K) is still several
orders of magnitude smaller than the integrated DFT DOS at the edge of the conduction
band (fig. . Therefore, the DOS in the tail is much too large to cause a significant
Burstein—Moss shift in the intrinsic region, and we estimate that any increase in apparent
band gap due to state filling is less than 25 meV. This further confirms that the o(T) data

in fig. [.22] can be related to the room-temperature electronic band gap of pyrite
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We calculated room-temperature band gaps from the o(T) data using three different ap-

_Eg
2kpT

proaches. The first approach assumes the naive relation o(T) = A exp( ) with a temperature-
independent E,. Simple Arrhenius fits to the intrinsic region yield band gaps of 904, 912, and
750 meV for the three samples in fig. [4.22] in good agreement with previous results using this
approach.® In the other two approaches we employed our numerical model to iteratively fit
the intrinsic o(T) data to determine E, at high temperature and then extrapolated this value
to room temperature using a measured E,(T) curve for pyrite (see below). Modeling the
data with the DFT DOS gives room-temperature band gaps of 750, 760, and 620 meV, while
using the parabolic DOS instead of the DFT DOS results in gaps of 800, 810, and 670 meV.
The band gap values are ~50 meV smaller for the DFT DOS because the larger asymmetry
between the valence and conduction band DOS shifts the Fermi level upwards and requires a
smaller calculated band gap to yield a given slope in the o(T) data (see fig. [B.4). The same
effect also results in a higher calculated carrier density, which requires an unrealistically
low electron mobility to fit the data with the DF'T DOS. Since the parabolic DOS provides
a significantly better description of the pyrite Hall data than the DF'T DOS, we conclude
that the larger band gaps are more accurate. However, the accessible temperature range of
the intrinsic region is fairly small (constrained at the low end by doping and the high end
by sulfur loss). This causes some insensitivity to the fit parameters and an error of +50
meV in the band gap estimates. We also note a striking sample-to-sample variation in E, of
~200 meV across the seven samples we measured (see fig. . This variation may result
from larger band tails in lower quality samples. Using the three highest E, values in our
data set and the E,(T) relationship described in the next paragraph, we conclude that the
room-temperature electronic band gap of high-quality pyrite crystals is 0.80 4+ 0.05 eV. The
average E, of the three samples in fig. — which includes one crystal with a particularly

small estimated band gap — is 0.76 eV, within the specified range.

The temperature dependence of E, was determined by measuring the optical gap of thin

polished pyrite crystals from 80 to 440 K using transmission spectroscopy. Fig. 4.25| shows
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Figure 4.25: Optical extinction spectra of (a) a 65 pm thin pyrite crystal and (b) a 250 um thick
silicon crystal as a function of temperature. The crystals are polished on both sides. Data were
acquired in 20 K increments. The insets show plots of band gap vs. temperature, as determined
by linear extrapolation of the absorption coefficient data, after correcting for sample thickness and
the dispersion of the refractive index. The inset in (b) compares the temperature dependence of
the band gap for both materials. The room-temperature band gap of pyrite and silicon is 0.94 eV

and 1.11 eV, respectively. Figure reproduced from [70].
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Figure 4.26: Compilation of literature values for the pyrite band gap. Dashed curves are extrap-
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The light blue crosses (optical data), light blue stars (electrical data modeled with the parabolic
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study. Figure reproduced from [70].
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the raw extinction spectra as well as the optical gap extracted by linear extrapolation of the
absorption coefficient curve to its intersection with the x-axis. Tauc plots — which presume
parabolic bands — give the same E,(T) values to within 50 meV. We find that the optical
gap decreases from 1.00 eV at 80 K to 0.94 eV at 300 K and 0.86 eV at 440 K (the highest
temperature possible with our equipment). Our E,(T) curve is in good agreement with

62,121 particularly the work of Karguppikar and Vedeshwar®® (see

several previous reports,
fig. for a compilation of literature data on the pyrite gap). Although the magnitude
of E, may be overestimated by this optical method (as discussed above), the temperature
dependence of E,; should be reliable, and we use the E/(T) curve of ref. 58 to extrapolate
the modeled high-temperature electronic gaps to 300 K. Based on this analysis, we find that
the most probable electronic band gap of pyrite is 0.80 + 0.05 eV at room temperature, as
mentioned above. Although this value is somewhat smaller than the optical gap (0.94 eV),
it is still large enough to support a photovoltage of 450 — 500 mV in pyrite photocells. We

conclude that the pyrite photovoltage is not limited to ~200 mV by a small bulk band gap.

4.5 Carrier Lifetimes

The lifetime of charge carriers 7 is a crucial parameter for a potential solar photovoltaic
absorber material. Together with the carrier mobility p it determines the diffusion length
L = \/,LNTT/& The diffusion length is the average distance a carrier can diffuse before
decaying by recombination, and must be equal or greater than the thickness of the absorber
for efficient collection of charge carriers at their respective electrodes. In the case of pyrite,
the bulk electron mobility p. is 300 cm?/Vs in single crystals, but bulk hole mobility sy
is not known experimentally and likely lower by a factor of ~2 (based on effective masses
predicted by DFT calculation). More importantly, the effective mobility in polycrystalline

thin films for both carrier types is likely much lower. Using a conservative estimate of pi.
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= pp = 1 em?/Vs and an absorber thickness of 300 nm, the carrier lifetimes should eb at
least 35 ns. In previous work? carrier lifetimes in pyrite were measured using time-resolved
microwave reflectivity (TRMC) and reported to reach values as high as 900 ns. Here we
report carrier lifetime results on ultra-high purity pyrite single crystals grown by the flux

method, using the same TRMC method.

In a first set of experiments, conducted by Dr. Steve Johnson at NREL, we compared the
TRMC signal of a flux grown crystal to that of a natural crystal, both excited at a wavelength
of 530 nm (fig. 4.27k). None of the two decay curves are simple exponentials, suggesting that
several lifetimes resulting from different decay mechanisms are superimposed. This makes
a quantitative analysis difficult, but it is obvious that carriers photo-generated in the flux
grown crystal live much longer. After 80 ns about 10% of carriers, and after 300 ns about
4% of carrier are still excited. The instrument response time was estimated to ~10 ns for
this setup using a highly doped InP wafer.

In a second set of experiments, conducted by Andreas Fritze at University of Wuerzburg,
the TRMC signal of a flux grown crystal was recorded as a function of excitation wavelength
(fig. 4.27b). The instrument response time for this setup was ~1 ns. Again, the quantitative
analysis of the raw data is not straight-forward as decay does not follow simple exponential
behavior. But looking at the raw data alone, there is an obvious trend for longer lifetimes
at higher excitation wavelengths. Higher wavelengths correspond to deeper absorption in
the crystal: see Fig. for a plot of absorption length 1a vs. excitation wavelength,
calculated form the spectral ellipsometry data presented in section Assuming that
mono-molecular recombination is the dominant decay process, the TRMC raw data was
fitted to extract carrier lifetimes for every excitation wavelength. Combining this with the
calculated absorption depth allows us to plot carrier lifetime vs. absorption depth, as shown
in fig. [4.27d. For carrier that are photo-generated within the first 500 nm from the surface,
carrier lifetime is limited to ~ 20 — 50 ns, which might already be sufficient for efficient

carrier extraction in thin film pyrite absorbers (see discussion above). However, for carrier
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Figure 4.27: Carrier lifetimes in pyrite single crystals, probed by time-resolved microwave conduc-
tivity (TRMC). (a) TRMC measurements performed by Dr. Steve Johnson at NREL. A flux-grown
(blue) and a natural (yellow) pyrite single crystal were excited with a 530 nm laser. Also shown is
the response of a highly doped InP wafer, which allows an estimate of the instrument response time
of ~10 ns. (b) TRMC measurements performed by Andreas Fritze at University of Wuerzburg.
A flux crystal was excited with wavelengths ranging from 435 to 1900 nm. (c¢) Absorption length
1/« in pyrite as a function of wavelength, calculated from the spectral ellipsometry data presented
in section (d) Carrier lifetimes as a function of absorption depth, calculated from the TRMC
data shown in (b) and the absorption length shown in (c).
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photo-generated deeper in the crystal, carrier lifetime increases drastically, reaching > 1000
ns at a depth of 3000 nm. This result, though preliminary and pending more careful data
analysis and fitting, is very promising as it suggests that carrier lifetimes on the order of
us are possible in pyrite. Moreover, the dependence on absorption depth is in line with
the reported accumulation of defects at the surface and in the near-surface region. Future
work should include variable temperature measurements, variable light intensity, and aim to

distinguish the lifetime of electrons and holes.

4.6 Surface Passivation

This section restates the need for surface passivation of pyrite, and presents a methodology to
systematically and quantitatively evaluate all non-destructive treatments using pyrite single
crystals as a platform. Additionally it discusses some preliminary results and suggests future
work to find the best surface passivation treatment for pyrite single crystals and ultimately
thin films.

As motivated above, the passivation of surface states, together with a lowering of bulk donor
states, is a necessity to enable photo-voltages of ~500 mV for pyrite. Figure illustrates
the need for this passivation. While already limiting the obtainable photo-voltage for single
crystals as shown above (section , the effect is much stronger in polycrystalline thin
films. Using single crystals as a well-understood model system, the ultimate goal is to find
passivation treatments that are transferable to thin film. To this end, many different treat-
ments were tested and evaluated using temperature-dependent Hall effect measurements, ac-
cording to the model described in section [4.4.2] These treatments included chemical etching,
plasma etching, thermal annealing in different inert and reactive atmospheres and overcoat-

ing with sulfides and oxides.
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Figure 4.28: Schematic showing qualitatively the magnitude of surface effects for various pyrite
materials. Surface effect increase from left to to right: Macroscopic single crystal (passivated and
unpassivated), micro-crystalline pellet pressed from powdered single crystal, single nano-crystal,
poly-crystalline thin film.

The purity of the flux grown crystals makes them a perfect platform to evaluate surface
passivation treatments. As shown in section m, at low temperatures (below ~150 K)
all bulk carriers are frozen out to a degree that surface conduction dominates, and both
conductivity and Hall coefficient Ry become sensitive to changes in the physical and chemical
state of the surface. A given crystal can thus be used to subsequently evaluate many different
(non-destructive) treatments. A procedure was established to 'reset’ the crystal after each
treatment to a well-known and fully reproducible state. To this end the crystal was polished
on both sides using 1 pum particle slurries. This reset was verified many times and reduced
crystal thickness by only ~10 um, such that a typical sectioned crystal (thickness 200 -
1000 pm) can be used test many treatments. The resulting condition is from here on just
denoted "polished’. Figure illustrates how the effectiveness of a given surface passivation
technique can be evaluated using temperature-dependent Hall effect data, starting from the
polished condition. Surface treatments only affect the low temperature region of the data,
with better surface passivation showing as lower conductivity and higher |Ry|. Analyzing
the data shown in fig. with the model presented in section reveals that the piranha
treatment reduces surface acceptor states by a factor of up to ~20. The same methodology

is used to evaluate all other surface treatments.
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Figure 4.29: Hall Effect (squares, right axis) and conductivity data (solid lines, left axis) of two
pyrite single crystals, evaluating effectiveness of surface passivation treatments. All crystals could
be 'reset’ to a known state after each test using a standardized polishing treatment (see text). (a)
This graph illustrates how the effectiveness of a given surface passivation technique can be evaluated
using temperature-dependent Hall effect data. As discussed in the text, surface treatments only
affect the low temperature region (below ~200 K), with better surface passivation showing as lower
conductivity and higher |Rp| (see discussion in section . Here, damaging a polished crystal
by rough grinding with SiC paper results (at low temperatures) in lowered |Ry| and increased
conductivity. Etching in piranha solution then results in a larger increase in |Rp| and decrease
in conductivity. (b) Effect of etching in nitric acid (HNOs3). After 2 min etching in concentrated
nitric acid (blue), the crystal shows lowered conductivity and increased |Ry| at low temperatures,
compared to the polished crystal (black).
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Etching with piranha solution is commonly used to strip semiconductor wafers and other
substrates of organic residues. It is a strong oxidizing agents and leaves most surfaces
hydroxylated (OH group terminated). For SEM images showing what piranha does to the
surface of pyrite single crystals, see fig. [4.19 and fig. [B.6] It was found that piranha etching
works well to reduce the impact of surface acceptor states on pyrite single crystals, i.e.
surface conduction can be lowered by up to 20 times. The exact mechanism responsible for
this remains unclear, but is likely a combination of (1) physical removal of damaged material
and crystal imperfections and (2) complete surface oxidation. The first mechanism is evident
from SEM images showing clean facets with occasional etch pits after the treatment. This
results in a lowered effective surface area. The second mechanism is strongly supported by
several observation. Other oxidizing etches like nitric acid, as well as annealing in air and
oxygen plasma treatment have a similar, but not quite as strong effect. Also, the effect of
piranha etching is air-stable, i.e. the improvement seen in the Hall effect data remains after
leaving the crystal 72 h in air. An oxidation of the surface could result in stable, protective
layer of amorphous Fe(II)- and Fe(III)-oxides, that prevents the crystal below from further
reactions with Oy and HyO (see fig. |1.9)).

Diluted solutions of piranha and nitric acid were also tested on pyrite thin films (see fig. |5.9)).
As expected, it was found that dilution by at least a factor of 2 and reduced etch times were
necessary to avoid destruction of the films. No significant improvement of in-plane resistivity
of the etched films was observed.

In future work, careful XPS studies of the surface should reveal what Fe species are formed
upon piranha etch. Preliminary results (fig. [£.30k) taken by Dr. Yu Liu of before an air
exposed (labeled ” As-made”) and piranha etched (”After cleaning”) only show clearly that
C species are effectively removed. Further, the concentration of sulfate (SO7~, 168.5 eV) is
reduced. In the Fe 2p region the relative distribution of pyrite Fe(II) and Fe(III)-O remains
unchanged.

Due to the violent nature of this etch, a transfer to thin films is difficult. However, under-
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Figure 4.30: Evaluation of etching in piranha solution for surface passivation. Piranha solutions
were freshly prepared from one part hydrogen peroxide (H2O2, 40%) and three parts sulfuric acid
(H2SOy, conc.).(a) Deconvolution of the effects of piranha constituents. Etching for 2 min in sulfuric
acid (yellow) and hydrogen peroxide (blue) results in slight surface passivation. Etching for the
same time in piranha solution (green) results in much better surface passivation, showing that the
special chemistry of piranha on the FeSy surface is more effective than its components. (b) XPS
spectra, taken by Dr. Yu Liu, before (”As-made”) and after (”After cleaning”) piranha etching.
Also shown is the background signal obtained form the In foil mount. As expected, the carbon
1s peak is greatly reduced by after etching, and both Fe and S peaks are much increased due the
removal of the carbon over-layer (data not shown). The Fe 2p region shows no qualitative changes,
suggesting that the Fe(II)/Fe(III) ratio does not change. The S 2p region shows a relative decrease
in the peak at 168.5 eV, which is attributed to sulfate, where sulfur is in the 46 oxidation state.
(c) Cross-sectional SEM images of a pyrite crystal before and after a 30 min piranha etch. The
etch rate is approximately 1.4 nm/s, assuming a constant activity of the piranha solution over 30
min.
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Figure 4.31: Evaluation of hydrogen treatments for surface passivation. (a) Shown here are JV
curves of a pyrite single crystal wet junction (see section before and after polarization in
piranha. Application of a negative bias to the pyrite electrode causes the evolution of atomic
hydrogen at the surface, and after passing a charge of about 30 C/cm? (b), the dark current in
forward direction is reduced, while the photoresponse is greatly enhanced, reaching over 13 mA /cm?.
(c) Hall Effect (squares, right axis) and conductivity data (solid lines, left axis) of a pyrite crystal
as polished (black) and after annealing for 1 h at 500 °C in a flow of pure (5N) hydrogen gas. The
crystal shows much increased conductivity and lowered |Rp|, th sign of the latter indicating p-type
transport up to ~240 K. (d) The XRD patter of the crystal before and after annealing reveals that
sulfur loss resulted in formation of a Fe;Sg surface layer.

standing the exact mechanism of piranha passivation will be an important step towards a

rational development of an even better surface passivation for pyrite.

Another surface passivation treatment that was reported for pyrite before is cathodic etching,
also known as proton reduction.?® By applying a negative bias to a pyrite electrode in a
highly acidic solution (for example piranha), highyl reactive atomic hydrogen is generated
at the pyrite surface where it can passivate defect states. This treatment was used in [33] to

‘activate’ pyrite crystals to deliver the highest photocurrents and power conversion efficiencies
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Figure 4.32: Evaluation of annealing and plasma treatments for surface passivation. Hall Effect
(squares, right axis) and conductivity data (solid lines, left axis) are shown for two crystals. (a)
Crystal 1: Thermal annealing in nitrogen, ambient air and sulfur atmosphere shows moderate
surface passivation, with sulfurization being the most effective, comparable to piranha solution.
Placing the crystal in diluted HaS plasma (2% HaS, 98% Ar) increases surface conduction. (b)
Crystal 2: Oxidation in an oxygen plasma effectively passivates the surface, though the magnitude
of the effect is still less than for piranha etching.

reported for pyrite photocells to date.

Using this procedure 30 C/cm? were passed through a pyrite electrode (see section for
setup), resulting in a high photo-current Js¢ = 13.7 mA/cm? under AM1.5G illumination
(fig. . Unfortunately, due the permanent way the crystal was mounted as an electrode
using epoxy, no subsequent Hall effect data was recorded to quantify the effect of this surface
passivation treatment. Instead, another crystal was annealed in a flow of pure hydrogen for
1 h at 500 °C. The result was the formation of a metallic Fe;Sg surface layer, rendering the
whole crystal metallic (fig. [4.31)). Future studies should evaluate hydrogen in more detail

and also look at the effect of other reducing agents, such as hydrazine or ascorbic acid.

Informed by the results of piranha etch, other means of surface oxidation, without invoking
wet chemistry were evaluated. As shown in fig. m annealing in ambient air (2 min at 550
°C)does indeed have a positive effect in terms of surface passivation, though rather small.
Strikingly, a control run using the same annealing conditions in inert nitrogen resulted in a

very similar, even slightly better passivation. The experiment was performed in a glovebox
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filled with 5N nitrogen, with a sensor reading 0.0 ppm Os. In an attempt to utilize thermal
energy while preventing sulfur loss, ideally terminating all surface Fe sites with S, the same
crystal was also annealed in sulfur atmosphere (with 50 mg elemental sulfur in an evacuated
quartz ampoule) for 2 h at 500 °C. This resulted again in a similar and slightly better surface
passivation.

Plasma treatments were also evaluated. Since annealing in Hy depleted the surface of sul-
fur, low-temperature annealing was performed in an HyS plasma. The motivation for this
experiment was to supply a source of reactive hydrogen and sulfur simultaneously. However,
after 5 min at 120 °C in a 50 W plasma, the crystal showed increased surface conduction,
translating to an increased number of surface states compared to the polished baseline case.
We note that the plasma composition was (limited by the setup) only 2% HsS in Ar, and
the total pressure was 10 mTorr. Future work should expand parameter space and look at
higher partial pressures of HyS in the plasma. Lastly, oxidation of a crystal in an oxygen
(5 min in a 50 W plasma of 20 mTorr pure oxygen) plasma resulted in significant surface

passivation, though less than etching in piranha.

The final strategy evaluated in this work was motivated by early success in using ZnS as a
junction partner on pyrite thin films (see section . The idea is to overcoat pyrite with
an insulator or semiconductor, passivating the surface in-situ the instant that the interface
is formed. ZnS is a great candidate for this because the lattice constant of its cubic form is
within < 0.5% of pyrite’s (~5.42 A for FeSy and ~5.41 A for ZnS), and they both have S in
their lattice. ZnS has also been reported to substitute Fe in the pyrite lattice.!” The study
of JV characteristics across ZnS/FeS, junctions for both single crystals and thin films in dis-
cussed in chapter . Here, the effect on transport parallel to the junction, i.e. (suppression
of) pyrite surface conductivity is discussed.

Figure 4.33| shows results of ZnS coating of pyrite single crystals and thin films using atomic
layer deposition (ALD). The potential advantage of this deposition method is effective in-

filling of the polycrystalline films, as every surface accessible to gas is potentially coated.
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Figure 4.33: Evaluation of ZnS coverage for surface passivation. (a) Hall Effect (squares, right axis)
and conductivity data (solid lines, left axis) of a crystal before (black) and after (yellow) deposition
of 30 nm ZnS by atomic layer deposition (ALD) on all surfaces. The data are basically identical,
no effective surface passivation could be observed. (b) The same experiments with 10 nm ZnS
deposited by ALD on a pyrite thin film. The resulting decrease in conductivity is small, further
studies are needed. (c) SEM images at 500,000X magnification of thin film grains as sulfurized

(left) and after ZnS deposition by ALD (center) and sputtering (right).
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However, as shown in fig. [£.33, this is not necessarily the case, and might be complicated
by a facet-specific nucleation efficiency. The coverage of ZnS by ALD might be incomplete,
some facets appear to be not covered. An XPS experiment could verify or disprove this.
Sputter coating was shown to evenly coat pyrite surfaces accessible by line-of-sight deposi-
tion, but did not yield better results than ALD.

In all cases evaluated (single crystals, thin films, ALD, sputtering), no surface passivation
was observed in the Hall effect and conductivity data. To reconcile this with the observed
rectification if FeSs/ZnS pn-junctions, we note that ZnS deposition proved to be difficult to
control (see section , section. Further, even rectifying FeSs/ZnS pn-junctions were
not necessarily based on passivated pyrite surfaces, as a truly passivated pyrite film would
supposedly be n-type. ZnO and Al,Os3 layers were also deposited by ALD and evaluated in
the same way, without any effect (not shown). Future work should start with more careful
studies of thin ZnS films, deposited by ALD on pyrite, and guided by XPS experiments.

In conclusion, it was demonstrated that pyrite single crystals of ultrahigh purity can be
used as a convenient platform to evaluate surface passivation treatments. Temperature-
dependent Hall effect and conductivity measurements, in conjunction with the multilayer
transport model discussed above, are suitable to quantitatively analyze the effectiveness of
a given treatment in removing surface acceptor states. Chemical etching, plasma etching,
thermal annealing in different inert and reactive atmospheres and overcoating with sulfides
and oxides were tested. It was found that thermal annealing is beneficial, as long as loss
of sulfur is prevented by either limiting annealing time or annealing in sulfur atmosphere.
Oxidation of the surface in oxygen plasma and by oxidizing etches also passivates the surface.
Quantitatively, the best result (reduction of surface acceptor by up to 20 times) was observed
for etching in piranha solution, followed by nitric acid and annealing in sulfur atmosphere.

In the future, the mechanism of piranha etching should be investigated in detail by carefully
conducted XPS studies. Also, reducing agents such as hydrazine should be tested, and treat-

ment HyS (either as plasma treatment or thermal annealing) should be revisited. Further,
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studies of molecular adsorbents that can coordinate surface Fe should be conducted. Initial
molecules might include thiophene, pyridine and thiocyanate.®® Lastly, it should be tested
if field effect gating can tune and eventually shut off the surface inversion layer. Electrolyte
gating of pyrite nanocrystals has recently been reported by Liang et al.®® and a similar

experiment could be adapted to macroscopic single crystals.

4.7 Summary

It was hypothesized in section that pyrite thin films are electrically dominated by a con-
ductive surface layer. By comparison with CVT grown and natural single crystals, pellets
made from the latter and single nanocrystals, this hypothesis was confirmed. By increasing
the surface to bulk ratio of a given pyrite material, surface conduction becomes more domi-
nant.

Transport in pyrite thin films is dominated by p-type surface conduction at all temperatures,
and can be described by the Werner model. Pellets and single nanocrystals are interesting
intermediate (or 'mesoscopic’) systems in between thin films and macroscopic single crystals.
Pellets have lower overall conduction than single nanocrystals and thin films, possibly due
to poor electronic coupling of grains, and both show a region of higher activation energy
above room temperature, suggesting a transition to an n-type regime. This n-type regime is
observed for all CVT grown single crystals at room temperature and down to about 110 -
140 K, where the activation energy decreases to the ~ 30 meV value of thin films and pellets,
and transport becomes hole-dominated.

To further understand and quantify this phenomenon, more crystals of larger size and even
higher quality were needed. They were supplied from a flux growth synthesis. High-quality,
ultra-pure iron pyrite single crystals have been grown in a sodium polysulfide flux. Hall

effect measurements of these crystals show an unusual minimum and sign change of the Hall
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coefficient at ~120 K and ~80 K, respectively. Numerical fitting of the Hall data using a
multi-layer transport model that includes a self-consistent Fermi level reveals the existence
of a hole-rich inversion layer at the surface of the n-type crystals. This inversion layer is
a channel for the surface conduction of holes in pyrite. Electrons in the crystal bulk are
frozen out at low temperatures to the extent that the holes in the inversion layer dominate
conduction. The presence of the hole inversion layer is corroborated by UPS measurements
showing Er - Ey = 0.1 eV, as well as Hall effect experiments as a function of crystal thickness
and physiochemical modification of the crystal surface. The inversion layer can explain both
the low photo-voltage of pyrite photocells (caused by tunneling across part of the inversion
layer) and the common high p-type conductivity of polycrystalline pyrite thin films (caused
by the dominance of surface conduction in these high surface-to-volume ratio samples). Our
data can also be understood in terms of a surface layer with a reduced band gap, with the
Voe in this case limited by weak band bending rather than tunneling. Hopping is ruled
out as a relevant transport mechanism in pyrite single crystals to due inconsistency of the
temperature-dependent magnetoresistance MR(T) data with theory. Two findings of this
section were published in [70], a high concentration of deep donors and a surface-state in-
duced inversion layer. Together they can explain the low Ve in pyrite solar cells, and both
were independently confirmed recently.% 1

We also used our single crystals to assess whether the bulk band gap of pyrite is significantly
smaller than the widely accepted value of ~0.95 eV at room temperature. Our optical mea-
surements yield a band gap of 0.94 eV, in agreement with literature (as expected), while
modeling of the intrinsic electrical conductivity using two different DOS functions results
in a somewhat lower best-fit value of 0.80 £ 0.05 eV. Given the assumptions involved in
calculating the pyrite band gap from conductivity data, we conclude only that the electronic
gap of high-quality pyrite is probably ~0.80 eV, which is large enough to support a photo-
voltage of ~500 mV from pyrite photocells under normal sunlight. In our view, all of the

experimental evidence available supports the hypothesis that the low Ve of pyrite is caused
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by a surface layer, not a small bulk band gap.

This study confirms that pyrite suffers from a strong inversion layer that likely limits the
useful built-in voltage of pyrite junctions to ~200 mV, but the next question is whether
this conductive surface layer can be fixed. Fixing pyrite will depend on passivating the
surface states that cause the surface layer and lowering the concentration of near-surface
donors (probably sulfur vacancies) that promote tunneling across it. Etching polished crys-
tals in piranha reduces the effective surface acceptor density by a factor of up to 20, but this
kind of aggressive etch is not transferable to thin films. Using single crystals together with
our new transport model as a test platform to controllably and quantitatively evaluate sur-
face passivation treatments, a number of annealing, etching, plasma and coating techniques
were evaluated. While none surpassed piranha in terms of reduction of surface conductiv-
ity, annealing in sulfur atmosphere and surface oxidation came close. A tool-set for further
passivation research, along with suggested treatments to evaluate, is given as a clear path

forward to make pyrite into an efficient solar absorber material.
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Chapter 5

Pyrite Solar Cells

5.1 Design Considerations

The highest performance pyrite solar cells reported in the past were either pyrite/liquid3> 219
or pyrite/metal'® junctions. Liquid junctions have unique properties such as an electrical
double layer and have to be understood and modeled different than solid-state junctions.
However, both pyrite/metal and pyrite/liquid junctions can qualitatively be thought of as
Schottky junctions, with either a metal or a liquid electrolyte with very high density of mobile
charge carriers forming a junction to pyrite. Schottky junctions in turn can be thought of as
an extreme case of pn-heterojunctions, where one side (the metal/liquid) is so heavily doped
that the space-charge region forms exclusively in the other junction material, in this case
pyrite.1% On the other hand, pn-heterojunctions of pyrite have not been studied before.
The challenge here is to find a junction partner with high transparency and suitable doping
that creates a space-charge region in the pyrite absorber.

Though not a focus of this work, solar cells from pyrite single crystals were briefly studied

in liquid junctions, Schottky junctions and pn-heterojunctions. However, due to pyrite’s
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Figure 5.1: Optical absorptivity a(E) of various pyrite materials. DFT calculated values are taken
from [53]. The values for the natural crystal are calculated from spectral ellipsometry data (see
section and [22]). The optical absorption data was collected using an integrating sphere from

pyrite thin films (300 nm thin) and a flux grown crystal thinned down to 65 pm. The data for the

flux grown crystal is limited by its thickness and the detector sensitivity to a < 3500 cm ™.

exceptionally strong absorption coefficient that allows for absorber layers as thin as 100

nm (fig. , the focus was set on solar cells from pyrite thin films, especially solid-state

pn-heterojunctions (section |5.3.2]).

5.2 Wet Junction Solar Cells

The record efficiency for any pyrite solar cell to date (2.8% PCE under non-standard spec-

trum~°) was reported for a wet junction of a single crystal with an electrolyte containing

35)
the I~ /I3 redox couple. This cell showed very high quantum efficiency and photocurrent
densities over 40 mA /cm?, which has recently been reproduced by a different group.®

Here we used polished, flux-grown pyrite single crystals that were etched in piranha, then

mounted on a conductive wire and covered in epoxy, with only one facet left free. Electrodes

from pyrite thin films were prepared in the same manner, except they were not piranha
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Figure 5.2: Liquid junction solar cells with pyrite absorbers. (a) Picture of a thin film electrode
made by protecting the Mo back contact with epoxy, exposing only the pyrite film to the electrolyte
solution. (b) JV curves for the thin film electrode, recorded in the dark (black) and under AM1.5G
illumination (yellow). (c) Recorded JV curves for a pyrite single crystal electrode, shown (1) before
and (2) after polarization in piranha solution. The calculated photo-current density J,poto (blue)
after polarization is also shown.

etched (see fig. |5.2). The such prepared working electrode was then placed in a three-neck
electrochemical cell along with a platinum counter electrode and a Ag/AgCl reference elec-
trode in a typical three-cell configuration.®® The electrochemical cell was connected to a
Potentiometer and measured in the dark and under illumination with AM1.5G light from
a solar simulator through a quartz window. Figure [5.2f shows the recorded JV curves in
the dark and under AM1.5G (1 sun) illumination for (b) a pyrite thin film and (c) a single

crystal.

For the single crystal, a freshly prepared aqueous electrolyte with 0.7 M HI, 0.15 M Cal,,
0.03 M I (pH = 0.35) was used. The as-prepared electrode shows a large dark current and
little photo-response. Then the electrolyte was replaced with piranha solution, and the pyrite
electrode was biased at -1.13 V for 5 min. A charge of approximately 30 C/cm? was passed
this way through the surface of the pyrite crystal, and evolution of hydrogen bubbles was
observed. After this etching procedure, the piranha solution was replaced with the electrolyte

again and JV curves were recorded. The dark current was now reduced significantly, and a

134



photo-current density of > 13 mA/cm? was measured.

For the pyrite thin film, the ferracene/ferracenium redox couple with TBAP/PFg was used
in acetonitrile as the electrolyte. Figure shows a picture of the electrode covered in
epoxy. Only a small photo-current of about 5 uA/cm? could be observed. Interestingly, the
JV curves show diode behavior of the same polarity as the single crystal junction, indicating
that (in this electrolyte) the pyrite film acts as an n-type semiconductor. No further studies
were performed on this system, instead work focused on solid-state solar states made from

pyrite thin films (see below).

5.3 Solid-State Junctions

5.3.1 Single Crystals

Pyrite single crystals grown by the flux method were used to fabricate solid-state Schottky-
junctions and pn-junctions, see fig. 5.3l Schottky junctions with both Au and W metals
resulted in linear IV curves (no rectification), however the junction with a W needle showed
some photo-response, with up to ~100 meV photo-voltage at 120 K. Sputtered p-type NiO
(see section did also not result in a rectifying diode. ZnS is an n-type wide-gap semicon-
ductor, and was tested because of its success in pyrite thin film solar cells (see below). As
shown in fig. [5.3f, the first test, using ZnS sputtered with 2% H,S in the plasma resulted in
linear IV response. Note the drastic increase in current for crystal #4 when depositing the
ZnS/Zn0O junction on a polished and etched surface (dotted red line), as compared to the
polished surface (solid red line). In a second test (crystal #5), ZnS was sputtered with 0.3%
H,S in the plasma on the polished (not etched) crystal. This junction showed rectification,
but still no photo-response. No further studies were performed on this system, instead the

rest of this section focuses on solid-state solar states made from pyrite thin films.
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Figure 5.3: Solid-state junctions with pyrite single crystals. (a) Images of the five crystals used for
this study. All five crystals were grown by the flux method and their surface prepared by polishing.
#1: Au contact evaporated through shadow mask plus small dot of colloidal Ag. #2: Like #1, but
without the Ag contact. #3: Successive deposition by sputtering through shadow mask of p-type
NiO followed by ITO. #4 and #5: Successive deposition by sputtering through shadow mask of
ZnS and ZnO, followed by Al:ZnO (AZO). (b) Current-voltage (IV) curves at 300 K in the dark for
crystals 1-3, including Schottky junctions (FeSg/Au, FeSy/W) and pn-junctions (FeSy/NiO). The
inset shows the photo-response of crystal #3 contacted with a W needle at 120 K. Note that the
active area of the contact made by the needle is tiny (< 10™* c¢cm?), thus the small value of Igc.
(c) IV curves at 300 K in the dark for crystals 4 & 5. The FeSo/ZnS junction depends strongly on

0
V (V)

"]'O #4 AZO
-NiO Zn0,
% ‘& ZnS

#5

Zns

V (V)

both FeSy surface preparation (#4) and ZnS deposition conditions (#4 vs. #5).
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5.3.2 Thin Film Heterojunction Solar Cells

This section describes the work to develop all solid-state solar cells with pyrite thin films
absorbers, as originally proposed by Prof. Matt Law (see fig. ) The study relied heavily
on pyrite thin films grown by chemical vapor deposition (CVD, see section by Nima
Farhi and by the ink method (section by Dr. Amanda Weber.

As discussed in section pyrite thin films universally, and independent of deposition
method, show high levels of p-type doping. Thus, the initial strategy was to deposit an
n-type semiconductor (for example ZnS) on pyrite to form a pn-heterojunction. ZnS was the
natural candidate for this n-type material, as it is (like pyrite) earth-abundant and non-toxic,
and had already been used successfully in Cu(In,Ga)(S,Se), solar cells.® Moreover, FeS, and
7ZnS have the same lattice constant within < 0.5% (~5.42 A for FeS, and ~5.41 A for cubic
ZnS) and they both have S in their lattice. ZnS has also been reported to substitute Fe in

the pyrite lattice.!”

However, according to the analysis presented in chapter 4] the universal p-type behavior of
pyrite thin films is likely due to a surface inversion layer induced by a high concentration of
surface acceptor states. While the bulk of elementally pure pyrite single crystals is clearly
n-type, the electrical nature of the grain interior in these thin films remains unknown for
now. But elemental purity here, too, is high enough to assume n-type material at a sufficient
distance from the surface. Therefore surface passivated pyrite thin films, which are likely
needed to lower carrier concentration to levels that can support a depletion region necessary
for efficient charge separation, might also be n-type. In light of this, several junction partners
for pyrite were tested, including a p-type, transparent NiO. However, only ZnS resulted in
rectifying diodes, which is why the bulk of this section is focused on FeSs/ZnS junctions in a
full device stack of glass/Mo/MoS,/FeSy/ZnS/ZnO/AZO. A band calculation for this stack,
including different scenarios for surface inversion and majority carrier type in the pyrite grain

interior is shown in fig. [5.4p.
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Figure 5.4: Design considerations for pyrite heterojunction solar cells. (a) Taken from original
research proposal of Prof. Matt Law, this diagram shows (left) a polycrystalline, p-type pyrite thin
film (p-FeS2) on metal substrate. After surface passivation (center), window layer (n-ZnS) and top
contact (Al:ZnO) are deposited on the pyrite film to complete the solar cell. (b) Calculated band
structure of heterojunction solar cell, using 1DPoisson. Informed by the results of the single crystal
study presented in chapter [4 these calculations taken into account the possibility that pyrite thin
films are either intrinsically n-type or p-type doped. The right panel shows the same calculations,
zoomed in at the FeSy/ZnS interface.
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Figure 5.5: FeSs thin films on Mo-coated glass substrates. Plane view and crosss-ectional SEM
images of a) before and b) after sulfurization. c¢) XRD pattern of the films, along with pyrite,
marcasite, molybdenum, and MoSs reference patterns. Figures reproduced from [6]. (d) Diagram
showing layer configuration for test device to confirm ohmic back contact and IV curve showing
that the MoSy/Mo back contact is indeed ohmic to pyrite and highly conductive (as is ITO).

Figure |5.5] shows the starting point for a typical device described in this section. A mixed-
phase (pyrite/marcasite) thin film on Mo back contact is sulfurized (typically 4 h at 500
°C in a quartz ampule containing 50 mg elemental sulfur, see section , resulting in a
pure-phase pyrite film on top of a bilayer of MoSs/Mo (see section for details on the
bilayer formation). This MoSy/Mo back contact is ohmic to pyrite, highly conductive and

passes the ’scotch-tape test’ (i.e., has sufficient adhesion to the glass substrate).

The such prepared pyrite films on MoSs/Mo back contacts were then transferred into a
vacuum chamber for sputter deposition of the window layers. This could be done without
exposing the films to ambient air, by breaking the quartz ampule used for sulfurization
inside a nitrogen-filled glovebox, and then transferring the films to a sputter deposition tool
attached to the glovebox. See section for a description of the sputter tool and typical
deposition parameters used. Figure |5.6| shows SEM cross-sectional views of a completed
device stack (glass/Mo/MoSy/FeSs/ZnS/Zn0O/AZO) along with top-down views after sub-

sequential deposition of the ZnS and ZnO window layers and the AZO top contact.
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Figure 5.6: SEM images of pn-heterojunction device stack. (a) Cross-sectional view of entire
device stack: AZO/ZnO/ZnS/FeSs/MoSs/Mo/glass. (b) Zoomed-in view showing active FeSy/Zns
pn-junction and window layer consisting of intrinsic ZnO and Al-doped ZnO (AZO). (¢) Top down
view of FeSy on MoSs/Mo/glass as sulfurized (left), after ZnS deposition (center) and finished stack
(right)
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Figure 5.7: Evaluation of different combination of top and bottom device stack. (a) Dark JV
curves for a number of n-type (ZnS, ZnO, Zn(0,S), CdS) and p-type (NiO) materials deposited
on the bottom stack of FeSo/MoSs/Mo/glass. Only ZnS results in a rectifying pn-junction, while
Zn(0,S) results in a bidirectional barrier, ZnO in a resistive ohmic contacts, and CdS and NiO in a
conductive ohmic contact. (b) Dark JV curves comparing the top stack (AZO/Zn0O/ZnS) deposited
on either FeSy/MoSy/Mo/glass (yellow) or MoSs/Mo/glass (grey) for a number of devices made in
the same sputtering batch. (c) Same data shown on a log scale.

As shown in fig. [5.7h, among the junction partners for pyrite thin films investigated in this
work (ZnS, ZnO, Zn(0,S), CdS, NiO), the only material that yielded rectifying diodes was
ZnS. As control junctions of AZO/Zn0O/ZnS/Zn0/AZO were either too resistive to measure
any current or ohmic (see fig. , the rectifying junction was identified as FeS,/ZnS. To rule
out that possible pinholes or other shunts in the pyrite films facilitate bypassing of the pyrite
film, enabling an effective MoSy/ZnS junction, stacks of Mo/MoSs/FeSs/ZnS/7Zn0O/AZO
were compared to stacks of Mo/MoS,/ZnS/ZnO/AZO. As shown in fig. [5.7p,c, the stacks
without FeSy were also rectifying to a lesser extent, opened up at smaller forward bias (~0.1
V compared to 0.5 - 0.7 V) and showed no photo-response, compared to small to moderate

photo-response for the stacks with pyrite absorbers (see below).

Despite initial success with ZnS layers and ’champion’ devices with record performance for
solid-state, thin film pyrite solar cells (see below), reactive sputtering of ZnS layers and
control of the film stoichiometry turned out to be challenging. ZnS films were deposited

onto pyrite thin films by RF magnetron sputtering from a ZnS target, with a HyS content of
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0 - 5% in Ar gas. It was found that 1) nominally identical, new ZnS targets (same vendor)
give different results and that 2) a single target gives different results over its lifetime, likely
due to changes in the surface composition (see fig. [5.8p).

Figure shows the partial pressure of gas species (mass/charge ratios 31 - 40) in a
plasma containing 0, 2 and 4% H,S in Ar at a total pressure of 10 mTorr, as measured by
a residual gas analyzer (RGA). A clear increase in HyS-relates species (HST, HoS™) is seen
upon introduction of HyS gas. We note that the RGA detector was connected to the plasma
containing chamber by a short steel pipe, thus due to mass-dependent capture of species on
the steel walls the absolute and relative partial pressure values might be inaccurate. XRD
patterns of ZnS films (fig. [5.8b) show little dependence on HyS concentration, though the
film deposited without any HsS appears the most crystalline. A clear identification of ZnS
phase (cubic vs. wurtzite) was not possible due to similarity of ZnS reference patterns.

As mentioned, variation in solar cell results suggested a strong dependence of ZnS film
properties on HyS concentration and ZnS target surface stoichiometry. This was confirmed
by test stacks of Mo/AZO/Zn0O/ZnS/Zn0O/AZO /Mo containing ZnS layers deposited back-
to-back using different HyoS concentrations. As shown in fig. the through-plane resistivity
of the ZnS film is orders of magnitude higher when even small amounts of HyS are present
in the plasma, in this case the measured current is in the noise floor of the setup used. No
change of appearance or morphology in SEM images (fig. [5.8d) for different HyS content was
observed. See section for a detailed description of the method used to sputter ZnS, and
a discussion of the challenges associated with it.

While these challenges made methodical and comparative studies of FeSy hard, it is clear
that ZnS is a very promising junction partner for pyrite and has the potential for efficient
heterojunction solar cells. In future work, feedback-control for the HyS gas (see section
should be implemented to achieve better control of the ZnS target and reproducibility of
the ZnS film stoichiometry. Alternatively, chemical bath deposition (CBD) or atomic layer
deposition (ALD) of ZnS films should be explored.
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Figure 5.8: Control of HsS content in the sputter plasma and its effect on ZnS target and films.
(a) Plasma composition during typical ZnS sputtering conditions, at a total pressure of 10 mTorr,
measured with residual gas analyzer (RGA). (b) XRD patterns of the resulting ZnS films on Si
substrates, as a function of Hy content in the plasma. (c¢) In-plane IV curves of ZnS films deposited
with 0.00% and 0.33% HsS in the plasma, deposited back to back. (d) SEM cross-sectional view
of a representative ZnS film deposited on Si substrate (using 1% HsS content in Ar plasma). A
change of appearance or morphology in SEM images for different Hy content was not observed. (e)
Photographs showing the changes in surface composition of a ZnS target. In the top image the
target surface is depleted of sulfur after sputtering in pure Ar gas, showing spots of metallic Zn.
After sputtering in plasma containing 2% HaS the target surface is partially recovered (center) and
eventually fully recovered (bottom).
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Many attempts were made to improve the diode characteristics of pyrite pn-heterojunctions.
Looking at dark current voltage (JV) curves, a low reverse current is a requisite for high
photo-voltage Voo, while a high forward current is necessary to support high photo-current
densities Jgo.'% Two examples of these attempts are shown in fig. [5.9

Sodium plays an important role in the grain growth of pyrite thin films, but also in the
conversion process from marcasite to pyrite.> 16 It should be noted that Na is not incor-
porated in the pyrite lattice, but acts at the grain boundaries, and washes off easily with
water.® ™ Without presence of Na (or another suitable alkali metal'!%) the conversion to rig-
orously phase-pure pyrite film requires very harsh sulfurization conditions (T > 500 © and /or
t > 4 h) that cause problems with the Mo/MoS, back contact. It is therefore beneficial to
have small concentrations of Na present during the sulfurization step. As Na can easily
diffuse through the Mo/MoS, back contact,'??:%123 using soda-lime glass as the substrate is
a sufficient source of Na. However, this source has the disadvantage that the amount of Na
leaching out of the glass (and made available in the pyrite film) depends on the exact type
of soda-lime glass used, cleaning procedure for the glass and sulfurization temperature, and
is overall hard to control quantitatively. In fact we found that soda-lime glass supplies too
much Na, resulting in excessive grain growth and increased surface roughness (fig. [5.9p).
Several better methods to controllably and quantitatively introduce Na were developed in
our lab, including addition of a Na containing MeOH solution to the sulfurization ampule
and direct incorporation of Na into the pyrite ink.''® Both methods yield phase-pure pyrite
using Na-free borosilicate glass substrates, with better properties than using soda-lime glass.
Surface roughness is lower (fig. [5.9c), dark current is lower and diode characteristics are
improved (fig. [5.9n).

Another strategy to improve the pn-heterojunctions was to etch pyrite thin films prior to
ZnS deposition, motivated by the observed partial passivation of surface defect states in
single crystals (chapter {f). Both piranha solution (1 part HoOs, 3 parts HySO4) and nitric

acid (HNOj3) were tested. Compared to the concentrated etches used for single crystals,
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both etches had to be diluted by a factor of 2 - 4 (piranha) or 5 - 10 (nitric acid) to prevent
destruction of the thin films. Treatment with nitric acid showed no effect for low concen-
trations, and increased overall device conductivity, likely caused by thinned and partially
shunted pyrite films, for higher concentrations. Treatment with piranha showed improve-
ment of rectification in some batches, with the best results observed for a brief 1 s dip into
50% piranha solution, followed by rinse in water and blow-drying, immediately prior to ZnS
deposition. However, the improvement was small and not well-reproducible. Figure |5.9p
shows JV curves in the dark of cells from the same batch, with and without piranha etch-
ing, where the piranha etching yielded increased forward dark current while maintaining low
reverse current. The photo-response of these diodes was however not improved significantly
(not shown). The in-plane conductivity of films changed little upon etching, other than the
expected reduction in absolute conductivity due to decrease in film thickness (see fig. ,
constant thickness was assumed to calculate these conductivity values). Figure shows
a SEM cross-sectional view of a pyrite film after etching in piranha. The film thickness is
reduced to ~140 nm and pyrite grain facets appear very sharp and clear. See fig. for

an estimation of the etch rate for pyrite single crystals in concentrated piranha.

As mentioned above, strong diode rectification (i.e., low reverse current and high forward
current) is a requisite for high performance solar cells (high photo-voltage V¢, high photo-
current densities Jgc).1%® Using the recipe described in section [2.8.2 highly rectifying het-
erojunction cells based on CVD pyrite absorbers were achieved, along with small to moderate
photo-response. These rectifying diodes were reproducibly fabricated over several weeks to
months at a time, until the same procedure ceased to yield rectification and photo-response.
This phenomenon was later attributed to likely changes in the ZnS stoichiometry. Rectify-
ing behavior and photo-response was later re-established for some weeks to months, until
the same problem occurred again. This reproducibility issue, superimposed by issues with
punch-through effects and a change in device layout (see below), made methodical and com-

parative studies difficult. Nonetheless, well-behaved and rectifying diodes with small to
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Figure 5.9: Attempts to improve rectification characteristics of pyrite thin film diodes by improving
surface roughness (top row) and surface passivation (bottom row). (a) JV curves (log scale) of
AZO/Zn0O/ZnS/FeSs/MoSa /Mo devices fabricated on sodalime glass (red) vs. borosilicate glass
(blue). SEM top-down images of pyrite films fabricated on (b) sodalime and (c) borosilicate glass.
Insets show photographs of these films. (d) JV curves (log scale) of AZO/ZnO/ZnS/FeSy/MoS2 /Mo
devices made from as sulfurized (black) and etched pyrite films (yellow). The etch is a 1 sec dip in
50% piranha solution followed by rinse in MeOH immediately prior to loading the substrate into
the vacuum chamber for ZnS deposition. (e) In-plane conductivity of pyrite thin film as sulfurized
(black) compared to three identical films that were etched 30 sec in 50% piranha (yellow, orange,
red). (f) SEM cross-sectional view of pyrite film after 30 sec etch in 50% piranha solution.
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moderate photo-response were obtained reproducibly at times, as summarized in fig. [5.10]
Figure shows dark JV curves (log scale) of typical diodes based on CVD pyrite (black)
and ink pyrite films (blue). Rectification was consistently higher for devices based on CVD
pyrite films, with forward /reverse ratios of several thousand at +1.5 V. Cell performance in
the dark and under solar illumination was generally maintained for a few days in air, though
overall device resistivity slowly increased, eventually resulting in diminishing photo-current
(fig. .10p). Storage in a nitrogen-filled glovebox for several weeks had only a small, but
similar effect (reduced current levels).

The temperature-dependence of solar cell performance was tested in a croystat down to 12
K. Figure |5.10c shows JV curves in the dark from 12 to 300 K, exhibiting loss of rectifica-
tion quickly below room temperature, limited by overall stack resistivity. Note that this cell
was contacted in the cryostat by a contact needle on the AZO top contact and likely was
partially shunted in the process, explaining the increased reverse current levels and small
Voc. The photo-response of the same cell is shown in fig. [5.10d, with a plot of Vo and
Jsc under illumination with a halogen lamp (> 100 mW /cm?). As expected, Vo increases
with decreasing temperature to ~130 mV at 12 K. Jg¢ shows a maximum of ~20 pA /cm?

at 250 K.

The best solar cells made using both CVD and ink pyrite absorbers (’champion cells’) were
tested under a AM1.5G solar simulator. Light was coupled through a quartz window into
a nitrogen-filled glovebox and reflected onto the cells with mirrors, resulting in a power
density of ~50 mW /cm? (0.5 suns) on the cell. Results for the two champion cells are shown
in fig. and b. While CVD pyrite based cells were limited to 200 - 240 mV V¢, as
expected from tunneling losses across a narrow surface potential barrier (chapter {4)), ink
pyrite based films reached > 400 mV V¢, which is puzzling. Aging the cells in air even
increased Voo to over 600 mV (not shown), though this went along with a drastic reduction in
photo-current. Jgo was limited to ~3 pA/cm? in CVD pyrite based cells and ~6 pA/cm? in

ink pyrite based cells under 0.5 suns. Higher Jgc of > 30 uA /cm? was observed under intense
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Figure 5.10: Rectification, air stability and temperature-dependence of pyrite thin film solar cells.
(a) Dark JV curves (log scale) of heterojunction cells based on CVD (black) and ink (blue) deposited
pyrite. Rectification ratios at +1 V and 4+1.5 V are indicated for the CVD based device. (b) JV
curves (log scale) of a CVD pyrite device before (black/orange) and after (gray/yellow) exposure to
air for 24 h (dark/illuminated). (c¢) Dark JV curves (log scale) of a CVD pyrite device recorded at
temperatures from 12 to 300 K. (d) Open-circuit voltage Voc (left axis) and short-circuit current
density Jgo for the same device shown in (c), under illumination with a halogen lamp (> 100
mW /cm?).
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(> 100 mW /cm?) illumination with a halogen lamp (fig. [5.11c). Fill-factors were generally
poor (< 40%), and overall power conversion efficiencies (PCE) calculate to 0.0002% and
0.0014% for the devices shown in fig. and fig. |5.11p, respectively.

The surprising combination of high Vo (for pyrite) and low Jgo brings up questions about
whether the photo-response is truly from absorption in the pyrite layer, or maybe from
absorption in the ZnS/ZnO window layer. To probe this, we used a halogen lamp with
and without various longpass filters that limit the lamp’s light to wavelengths that are not
absorbed in ZnS/ZnO (fig. [p.11d). The combined absorption of ZnS/ZnO films on glass was
determined with transmission and reflection measurements using an integrating sphere. As
shown in fig. [5.11c it was found that the photo-response must indeed come from the pyrite
absorber, but is mostly limited to the blue part of the spectrum. For example, using a A >
495 nm longpass filter, to which ZnS/Zn0O is transparent, the photo-current was reduced to
~1/4, even though only a small part of the photon flux from the halogen lamp is cut out.
The cells tested in this work were too small to focus monochromatic light from our EQE
(external quantum efficiency) setup on, but future work needs to include EQE measurements.
One possible explanation for the observed small Jgo would be a misalignment of the ZnS and
FeS, conduction bands at the junction, where a barrier prevents electron extraction from the
pyrite absorber. See fig. for an illustration of a few of many possible scenarios. Future
work to clarify this needs to include XPS/UPS studies of the (valence) band alignment (see
[63] for suggested procedure), coupled with numerical calculations (e.g. 1DPoisson). Another
explanation would be a very high surface recombination velocity at the interface that kills
photo-generated charge carriers before they can be extracted. Further, the fact that red light
contributes less than blue light suggests that bulk recombination is also high. In that case,
charge carriers photo-generated even 100 nm away from the pyrite surface might be unlikely
to reach the interface. Future work to probe this needs to include wavelength-dependent
TRMC studies, as layed out in section [4.5]

In summary, though photo-current is very low, the solar cells reported here are the first solid-
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Figure 5.11: JV curves of thin film solar cell ’champion’ devices based on CVD pyrite (a) and ink
pyrite (b) in the dark and under illumination (AM1.5G spectrum, ~ 50 mW/cm?). (c) JV curves
for CVD based device under halogen lamp illumination (yellow, > 100 mW /cm?), along with
curves under illumination by the same lamp through longpass filters (orange, red). (d) Normalized
spectra for AM1.5G (blue) and halogen lamp (yellow) illumination (right axis), along with measured
absorption of combined ZnS/ZnO film (black line). The three vertical lines denote the cut-off
wavelength of the longpass filters used to record the data shown in (c).

state heterojunctions with pyrite thin films, and the Vo values of the ink pyrite devices are

the highest ever reported for any solid-state pyrite junction.

In addition to the reproducibility issues with ZnS layers mentioned above, comparative
studies were made difficult by two more complications.

First, pyrite thin films supplied in-house by both CVD and ink method were subject to
variability. Film thickness, roughness, uniformity, particle count and organic residue were

not constant over the course of this study. Cell-to-cell variation was generally low, apart
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from occasional "punch-through’ complications (see below), demonstrating good uniformity
of both individual pyrite films and sputtered window layers. Within one pyrite batch (CVD
method: deposited in one run; ink method: spun-cast from same ink), device-to-device
variation was generally also low (see 'device 1’ and ’device 2’ in fig. [5.12h), but occasionally
showed inexplicable discrepancies. Batch-to-batch variation for devices made from pyrite
films of different batches (but with window layers made in the same run) was typically too
large to allow comparative studies, often even for pyrite batches made on consecutive days.
See for example 'device 1’ (or 2) vs. ’device 3’ in fig. [5.12h. Shown here are three devices
with 4 individual cells each, where the four cells of a substrate are represented by identically
colored lines.

Second, the mesa structure originally used for device architecture (see fig. |5.14) required
contacting of the AZO top contact by needle probe, which often caused (partial) shunting of
the device to the underlying MoSs/Mo back contact, due to the mechanical softness of the
MoS, layer. Figure shows the extreme case of complete 'punch-through’: a device is
first contacted very carefully by placing a tungsten needle probe on the AZO top electrode,
showing the typical diode-like JV curve (solid line). After applying even a small amount of
force on the needle probe the same device is irreversibly shunted (dashed line). Figure[5.12
shows SEM top-down views afterwards, illustrating the damage done to the cell. While the
AZO/ZnO/7ZnS top layers are very hard, the underlying FeSy and especially the thick MoS,
layer are soft, causing the AZO/ZnO/ZnS stack to crack under pressure and the cell to shunt.
Even preventing extreme shunting cases as shown here, some degree of partial shunting and
thus cell-to-cell variation was the result of this issue, which eventually led to a change in cell

architecture (see below).

Since MoS, /Mo back contacts are soft, they are prone to punch-throughs and other mechan-
ical problems. To prevent these issues, Fe back contacts were investigated as an alternative
back contact. As Fe sulfurizes to metallic troilite (FeS) and pyrrhotite (Fe;Sg), and eventu-

ally FeS,, this back contact should in theory be ohmic to pyrite after sulfurization, too, and
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Figure 5.12: Reproducibility and "punch-through’ issues of thin films solar cells. (a) JV curves (log
scale) showing three CVD-based devices with 4 cells each. The ZnS/ZnO/AZO top layers were
deposited simultaneously for all three devices. (b) JV curve (log scale) for a CVD-based cell before
(solid line) and after (dotted line) the ’punch-through’ that occurs when the contacting needles
pushes through the soft MoSy layer, shorting the cell. (c) SEM top-down images showing the
damage inflicted from the tungsten probe needle 'punching through’.
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sulfurized -as deposited

Figure 5.13: SEM top down (left column) and cross-sectional (center column) views of Fe back
contact on glass as deposited by sputtering (top row) and after sulfurization (bottom row). The
zoomed-in view on the right illustrates the poor adhesion of the sulfurized layer to the glass sub-
strate.

potentially have better mechanical properties.

Fe thin films were deposited on glass by DC magnetron sputtering from a 99.9% (3N) pure
Fe target (see section . The resulting films (fig. were dense, uniform, highly crys-
talline, mechanically robust and had sheet resistance as low as 1 /cm (at 800 nm thickness).
However, after sulfurization the films showed weak adhesion or even flaked off the substrate
completely. Control annealing in inert nitrogen atmosphere (6 h at 550 °C) did not result
in weak adhesion, suggesting that the problem is not a result of different thermal expansion
coefficients between glass and Fe films, but a consequence of mechanically weak Fe,S, phases
forming at the glass interface, as illustrated in fig. [5.13]

Due to these adhesion problems, as well as preventively high maintenance on the Fe sputter
gun (see section , Fe back contact were not further pursued. Future work on alternative
back contacts compatible with sulfurization might also look at S-diffusion blocking layers like

TiN.
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Figure 5.14: Tllustration of solar cell architecture and fabrication steps. (a) First device architecture,
called 'mesa structure’, used for pyrite thin film solar cells. Fabrication is easy, as the pyrite layer
does not have to be structured, but prone to the top contact ’punching through’ to the back contact,
due to the soft MoSs layer (see fig. [5.12)). (b) Second device architecture, making punch-throughs
impossible, but requiring lithography (see section and introducing potential shunting paths
at the Mo/MoS, ’cliff’ (see fig. [5.15)). (c) Fabrication steps for second architecture. (1) Mo films
are sputter-deposited on glass through a shadow mask, and the bottom edge is defined via photo-
lithography. The pyrite layer is then deposited on top (2) and also defined via photo-lithography
(3). The ZnS/ZnO window layer (4) and AZO top contact (5) are then deposited through their
respective shadow masks. Finally the metal top contacts are sputter-deposited through a shadow
mask (6).

In order to avoid 'punch-through’ problems, independently of choice of back contact metal,
solar cell device architecture was switched from a mesa structure to a geometry where the top
contact can be made physically separated from the back contact layer (see fig. [5.14)), making
punch-throughs impossible. All fabrication steps are described in detail in section and
illustrated in fig. [5.14k. While punch-throughs were successfully avoided using this device

layout, a new problem arose, as discussed below.
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Definition of thin films deposited by sputtering through a shadow mask resulted in rather
broad edges. Looking at the profile of such a film, the decrease from full thickness to zero
corresponds to a width of up to over 500 pm. In a shadow mask like the one shown in fig. [2.4]
the steel mask sits < 0.5 mm away from the substrate surface, yet the profile is as broad
as shown in fig. [5.15h. While sputter deposition is not necessarily a line-of-sight method
(like thermal evaporation), the magnitude of broadening is unexpected and the mechanism
responsible unclear. Having the mask in direct contact with the substrate was avoided, in
order to prevent substrate scratching and particle contamination. This kind of broadening,
while unexpected, is not a problem in itself, but becomes a problem when a Mo layer with
such a profile is sulfurized. As discussed in detail in section [3.2] the conversion from Mo to
MoS, progresses in a sharp line from the top of the film downwards during sulfur annealing.
When this 'conversion front’ reaches the glass substrate, it results in a ’fracture’ between
the tail end of the original Mo profile that is now fully converted to MoSs, and the bulk
of the film that is now a MoSy/Mo bilayer. The phenomenon is illustrated in fig. —f.
Despite many trials with varied sulfurization conditions as well as original Mo layer thickness
and deposition conditions, this fracture could not be avoided. Depositing subsequent layers
over this fractured regions creates an opportunity for shunts, especially running metal lines
(fig. [p.14k-6) over it. A way to avoid the tailing Mo/MoS; layer and its fracture is to sharply
‘cut off” the Mo layer after deposition (and before sulfurization) by photo lithography. This
was achieved using a 2:3:3 mixture of nitric acid, phosphoric acid and water, but introduces
a new problem. Figure shows the resulting steep cliff of Mo/MoS, after sulfurization.
The bilayer is so thick (typically ~1500 nm) that the comparatively thin pyrite layer on top
disconnects where it grows over the cliff. This introduces another potential shunt, when the

top layers (especially metal lines) are deposited over the cliff.

In summary, the sulfurization process necessary to obtain phase-pure pyrite thin films causes
a gradual conversion of the Mo back contact to MoS,. The latter is mechanically too soft

to make a mesa device structure (fig. [5.14h) workable, and the conversion process causes a
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Figure 5.15: De-lamination issues with Mo/MoSs back contacts defined through shadow masks. (a)
Thickness profile of Mo films sputter-deposited through shadow mask, relative to the mask edge, as
measured by SEM. (b) SEM cross-sectional view of Mo/MoSs/FeSs stack around the fracture (see
text). At the point where all Mo is converted to MoSs, the fissure forms, indicated by the lightning
bolt symbol. (c - e) Cross-sectional view at different magnifications and (f) top-down view of the
fracture. (g) Cross-sectional view of resulting Mo/MoSy/FeSy stack after defining a sharp edge in
the Mo film by photo-lithography.
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fissure that makes an offset device structure (fig. [5.14b) in combination with shadow masks
also impractical. A sharp Mo edge defined by lithography (fig. [5.15g) also enables local
shunts. Thus, either a different back contact metal should be established, or a method to

make phase-pure pyrite films without sulfurization.!'6

5.4 Summary

In summary, many different solar cells with pyrite absorbers were tested in this work, in-
cluding wet junctions and solid-state junctions.

The wet junction cells reproduced results previously published and confirmed that polariza-
tion in piranha (cathodic etching) drastically improves the photo-response of pyrite single
crystals. Thin film wet junctions produced only a small photo-response, interestingly show-
ing the same qualitative JV characteristics as single crystals, indicating that the films act as
n-type semiconductors in this test cell.

Solid-state junctions with single crystals gave mixed results and were not further investi-
gated. Instead, this work focused on solid-state pn-heterojunctions from pyrite thin films.
Ohmic Mo/MoS, back contacts were used for these devices, but due to mechanical issues
might have to be replaced with a different metal (for example Fe), or, a procedure to ob-
tain phase-pure pyrite films without sulfurization!'® will need to be established. ZnS turned
out the most promising junction partner for pyrite, and is the only window-layer material
tested that produced rectifying pn-junctions. Thus, the majority of this work focused on
glass/Mo/MoS, /FeS,/ZnS/ZnO/AZO stacks. It was found that deposition of ZnS by reac-
tive sputtering is hard to control in terms of film stoichiometry and resistivity, resulting in
problems reproducing successful stack recipes. This is evident in changes of the ZnS target
surface, known as target 'poisoning’ as a function of deposition history. Especially HsS con-

tent in the plasma has a huge impact on target conditions and film properties. In future
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work a feedback loop between working pressure and HsS flow should be implemented, as
described in [100].

Despite these challenges, cells with high rectification (several 1000x) were reproduced over
periods of several weeks, before ZnS properties changed again, making these results elu-
sive, only to become reproducibly good again several months later. This problem, together
with the Mo/MoS, issues discussed, largely frustrated methodical optimization of solar cell
performance. Nonetheless, champion devices with 410 meV open-circuit voltage (610 meV
after aging in air) and 5 pA/cm? short-circuit current under 50 mW /cm? AM1.5G spectrum
(30 A /cm? under intense halogen light) were recorded, representing record values for solid-
state thin film solar cells with pyrite absorbers. The small photo-current is predominantly
produced from high-energy photons, and might be limited by high surface recombination
velocities or a conduction band offset to ZnS. Further studies of these cells need to include

EQE, XPS and TRMC measurements.
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Chapter 6

Summary and Conclusions

Iron pyrite FeS, absorbers, both polycrystalline films and macroscopic single crystals, synthe-
sized from various gas-phase and liquid-phase methods, were studied regarding their potential
as solar photovoltaic absorbers. The previously noted limitation to low photo-voltages of
~200 meV is explained in a quantitative model, and overcome experimentally in thin film
pn-heterojunctions.

Earlier findings that all pyrite thin films, regardless of synthesis and elemental doping, are
universally heavily p-type doped, suggested that the surface dominates electrical transport
in thin film. Thus, a systematic study of electrical transport in pyrite materials as a function
of surface/bulk ratio was conducted, including macroscopic single crystals, microcrystalline
pellets, nanoscopic single crystals and nanocrystalline thin films (in order of increasing ra-
tio). It was found that with increasing surface/bulk ratio the elemental composition of the
pyrite material becomes less and less important, and p-type conduction, only seen at low
temperatures in single crystals, becomes dominant at higher and higher temperatures. For
example, for two macroscopic single crystals, one artificial and of very high purity, the other
natural and of low purity, show very different transport properties. But, microcrystalline

pellets fabricated from each crystal show nearly identical transport properties.
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To improve upon this understanding of surface dominance, quantitatively describe it, and
develop methods to passivate it, more crystals of larger size and even higher quality were
needed. They were supplied from a new flux synthesis developed in our lab, and allowed
development of a quantitative transport model. Temperature-dependent Hall effect data of
crystals of this purity revealed two uncommon features of the Hall coefficient Ry: a max-
imum in |Ry| at ~120 K, along with a sign change of Ry at ~80 K. These features were
reported before for pyrite, but either not discussed, or falsely attributed to a transition from
hopping to band transport. Numerical fitting of the Hall data using a multi-layer transport
model that includes a self-consistent Fermi level reveals the existence of a hole-rich inversion
layer at the surface of the n-type crystals. This inversion layer is a channel for the surface
conduction of holes in pyrite. Electrons in the crystal bulk are frozen out at low temperatures
to the extent that the holes in the inversion layer dominate conduction. The presence of the
hole inversion layer is corroborated by UPS measurements showing Er - Eyy ~ 0.1 eV, as well
as Hall effect experiments as a function of crystal thickness and physiochemical modification
of the crystal surface. The inversion layer can explain both the low photo-voltage of pyrite
photocells (caused by tunneling across part of the inversion layer) and the universal high
p-type conductivity of polycrystalline pyrite thin films.

This newly developed model for the multilayer transport, coupled with temperature-dependent
Hall effect measurements on high-purity pyrite single crystals, represents an excellent test
platform to rationally and quantitatively evaluate a wide range of surface passivation strate-
gies. While many strategies have only been only touched upon and need to be investigated
further, piranha etching and annealing in sulfur atmosphere were found to be most efficient
for single crystals, reducing the concentrations by up to a factor of 20 in the case of piranha
etching. For thin films, passivating the surface with ZnS showed the most promise and
should be studied further.

Single crystals were also used to assess whether the bulk band gap of pyrite is significantly

smaller than the widely accepted value of ~0.95 eV at room temperature. Our optical
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measurements yield a band gap of 0.94 eV, in agreement with literature, while modeling of
the intrinsic electrical conductivity using two different DOS functions results in a somewhat
lower best-fit value of 0.80 £ 0.05 eV. In conclusion the electronic gap of high-quality pyrite
is probably ~0.80 eV, which is large enough to support a photo-voltage of ~500 mV from
pyrite solar cells.

Wet-junction solar cells with pyrite absorbers were tested, also solid-state junctions with
pyrite single crystals. However, the focus of this work was set on thin film pn-heterojunctions
in glass/Mo/MoSs/FeS,/ZnS/Zn0/AZO stacks. Formation of the Mo/MoS, bilayer, includ-
ing electrical and optical properties of the polycrystalline MoS, layer, were studied in some
detail. Despite challenges with the Mo/MoS, back contact and control over the sputter-
deposited ZnS film properties, cells with high rectification (several 1000x) were achieved.
Champion devices with 410 meV open-circuit voltage (610 meV after aging in air) and 5
pA/em? short-circuit current under 50 mW /cm? AM1.5G spectrum (30 pA/cm? under in-
tense halogen light) were recorded. These represent the first ever demonstrated all-solid-state
pyrite thin films solar cells, as well as the highest photo-voltage ever for any solid-state pyrite
solar cell. The small photo-current is predominantly produced from high-energy photons,
and might be limited by high surface recombination velocities or a conduction band offset
to ZnS. In light of future passivated pyrite thin films that might be n-type, sputtered NiO
was studied as a p-type window layer, resulting in optically transparent films with tunable
resistivity.

To maximize the impact of the findings in this work, future research should follow up with
combined XPS/UPS, Hall effect and DFT studies on the mechanism of the passivation
results described here (most notable piranha etching and ZnS overcoating), then use the
test platform developed here to find even better surface passivation methods. To this end,
field-effect gating should be tested, along with surface passivation using reduction agents
and molecular adsorbates such as thiophene. Carrier-lifetime measurements (e.g. TRMC)

should be expanded to include temperature-dependent and wavelength-dependent measure-
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ments on both single crystals and thin films. The pn-heterojunction devices presented here
can be improved by first eliminating the mechanical problems induced by the Mo/MoS,
back contact. Then, better control of the ZnS buffer needs to be established, for example
by implementing a feedback loop between working pressure and HsS gas flow. Alternatively,
ZnS buffers could be applied via chemical bath deposition. To rationalize and overcome
the small photo-current, EQE measurements to probe its wavelength-dependence will be
necessary, along with XPS/UPS measurements to understand junction band alignment, and
carrier life-time measurements to evaluate surface recombination.

Overall, this work represents an important step towards fully understanding the short-
comings of pyrite absorbers, and developing the methods necessary to enable pyrite to live
up to its potential of becoming a low-cost, non-toxic, earth-abundant absorber material for

deployment of solar photovoltaics on the terawatt scale.
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Appendix A

Elemental Purity of Materials Used

MOMENTIVE

Typical Trace Element Composition (ppm by weight) Analysis via Direct Reading Spectrometer

Ca Cu i Na
214 15 04 <0.05 02 06 04 <0.05 06 08 1.0 09 <5
219 15 04 <0.05 02 06 04 <0.05 1.0 08 na 09 <
254 15 08 <0.05 02 0.8 0.1 <0.08 22 12 na 16 <5
214A 15 04 <0.05 02 06 04 <0.05 06 08 1.0 09 <
214 Rod 15 04 <005 02 08 01 <005 06 08 10 09 10
214 LD/SC 15 04 <0.05 02 0.0 01 <0.05 06 08 1.0 0.9 10
224/224 Rod 8 08 <0.009 02 02 <01 <005 <02 «02 14 03 10
224D 15 04 <0.009 02 0.001 01 <0.05 04 <005 10 09 10
244 8 08 <005 02 02 <01 <0.05 <02 «02 14 03 10
244 Rod 8 06 <0.009 02 02 <01 <0.05 <02 <02 14 03 10
244LD 8 08 <0.009 02 0,001 01 <005 02 <0.05 14 03 10
124 15 04 <005 02 06 01 <0.05 06 08 10 09 <5
144 8 06 <0.009 02 02 <01 <005 <02 <04 14 08 <5
098 02 <005 <003 008 <005 <0.05 <002 <005 <0.05 <002 na 10
095 11 <005 <003 008 <005 <0.05 <002 <005 <005 <002 na <10
510,520,530 15 [ 04 <005 02 [ 05 04 <0.05 06 08 10 09 50
512, 532 8 06 <005 02 03 <01 <005 0s 07 14 02 50
567, 567 15 04 <005 0z <0.005 01 <005 <002 <0.01 10 09 70
568, 568 8 06 <005 02 <0005 <01 <005 <002 <0.01 14 02 70
" This table shows the typicallevels of the tace elements that & oulinely monitored by Morrentve. pats, aswell b i ifed by Fpioal bveks be wsed as,
“Types 214 LD and 224 LD may contan a higher amount of surface hydroxyl (OH) iors, but

Figure A.1: Typical trace element composition of the type 214 quartz ampoules used in this study.
Figure reproduced from [70].
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Certificate of Analysis Alfadesar

mpen Matthey Company

Product Mo 10621

Product: Iron powder, -22 mesh, Puratronic®. 00 008% (metals basis)

Lot No.: 24733
Ag ND Al ND As ND
B ND Ba ND Bi ND
Ca ND Cd ND Co ND
e 1 Cs ND Cu ND
Fe  Matrix Ge ND In MND
K ND Li ND Mg ND
Mn 1 Ma ND Na ND
ME 2 Mi ND P ND
Fb ND 56 ND S ND
Sn ND Sr ND Ta ND
Te ND Ti ND Tl ND
v ND W ND Zn ND
Zr ND Ga ND

Values given in ppm unless otherwise noted
Analysis is weight for weight as determined by ICPMS
ND: Hot detected

This document has been electronically generated and does not require a signature
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Figure A.2: Certificate of analysis for a batch of the iron powder used for pyrite flux synthesis.
Figure reproduced from [70].
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Certificate of Analysis Alfadesar

Maithey Company

ron.
B ol 7 LI SPDRH
DWWl 15 L

T o 1800 10-APLT
[T R

Product Mo.: 10343
Product:
Lot Mo.: 1287042
Appearance
Purity
Ag 0.01
Cd 0.05
Fe D05
Pt 0.05
Si D.10
Zn 0.05

1]

«FHELH e
Bingd oy il

Swilfur pie-ces, PuratronicB, 00.8005% (metals basis)

Pieces
90,0005 %

As 0.10
Cu 0.01
Ni  0.05
S« 0.10
Sn 0.05

Values given in ppm unless otherwise noted

This document has been eladronically generated and does not require a signature.
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Figure A.3: Certificate of analysis for a batch of the sulfur powder used for pyrite flux synthesis.

Figure reproduced from [70].
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SIGMA-ALDORICH J——

3050 Spruce Stresl, Sainl Louis, MO 63103, LSA
Wabsite: www sigmaaldrich com

Emad LISA tac i fipalal com

Owlgide USA: surtechisn@eial com

Procuct Mame: Certificate of Analysis

Sodium sulfide nonahydrate - x599.99% trace metaks basis

Product Humibsr 411648 -

Led Mumiber: MKEME 128V Na?s gH:‘D

Brand! ALDRCH

CAS Numbar 1313044

MDL NumBad: MFCD001 49184
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Py Diffeaction Conlorms 1o Sructure Conlorma:
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[y 1% ppm

Baron (B) 0.3 ppm
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Magrasium (Mg} 0.5 ppm
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Petatsium [K) 0.7 ppm
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contained in this publication. The curment Specilication sheet may bo avalabie ol Sigma-Aldrch.com. For further inguinds. please conlac
Tochnical Sorvice. Purchased mus! deberming the suitabiity of the product for e pariculsr usa  Soo nivorss side of invoice of packing
slipy for tarma and of sale

Version Mumber: 1 Fage 1 of 2

Figure A.4: Certificate of analysis for a batch of the Na2S powder used for pyrite flux synthesis.
Figure reproduced from [70].
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Appendix B

Additional Data and Calculations
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Figure B.1: Representative plots of Hall coefficient versus magnetic field for a pyrite crystal as a
function of temperature (65 - 300 K). In the unipolar region (T ; 150 K), Ry is constant with
field (in other words, the Hall voltage is linear with magnetic field). In the mixed-carrier region
(intermediate temperatures), Ry decreases with increasing field. Finally, for T | 90 K, Ry becomes
noisy but appears to flatten out with increasing field at higher values of applied field. Figure
reproduced from [70].
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Figure B.2: (a) Comparison of fits to the Hall data of fig. assuming zero compensation (yellow
traces) and finite compensation (red traces). For the latter, the compensation ratio N4/Np was
allowed to float freely to achieve a best fit. We found a best fit at 56% compensation with the
following bulk parameters: Np = 1.0 x 100'® ¢cm™3, Ec — Ep = 185 meV, Nypur = 5.6 X
100" cm™3, E4 - Ey = 50 meV. (b) Comparison of Ep and the Fermi level Ep as a function of
inverse temperature for the uncompensated case (yellow) and 56% compensated case (red). Figure
reproduced from [70].
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Figure B.3: Hall data modeled using the DFT DOS(E) values and the Fermi-Dirac distribution
function. Zero compensation is assumed. Parameters used are Np pr = 5.6 X 10" em™3; E¢ -
Ep = 380 meV; N surface = 4.5 x 10! cm™3; E4 - Eyy = 50 meV; ds = 4.4 nm; py, = 2.5 em?/Vs.
Figure reproduced from [70].
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Figure B.4: Comparison of the calculated Fermi level as a function of inverse temperature using
the parabolic DOS(E) versus DFT DOS(E) functions. Results are shown for both intrinsic pyrite
and pyrite with a deep donor (gray line). Zero compensation is assumed. Figure reproduced from
[70].
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Figure B.5: (a) Temperature dependence of the Hall coefficient and conductivity of a boron-doped
silicon single crystal as a function of crystal thickness. The data (80 - 350 K) are independent of
thickness and surface polishing, showing that silicon lacks the type of conductive surface layer found
on pyrite. The dotted/dashed curves are fits from the model (giving an acceptor concentration of
1.8 x 10'® cm™2 and an ionization energy of 52 meV, close to the accepted value of 45 meV for
boron in silicon). DSP = double side polished. (b) Magnified view of the temperature range from
80 - 350 K. (c) Carrier concentration and (d) mobility for the as-received 500 pm thick wafer.
These control experiments provide additional confirmation that our model and interpretation of
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the pyrite data are correct. Figure reproduced from [70].
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Figure B.6: SEM and AFM images of the surface of a pyrite crystal (top) as cut with a diamond
saw, (middle) after fine polishing, and (bottom) after etching the surface with piranha solution.
Figure reproduced from [70].
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Figure B.7: X-ray tomography images of a flux-grown pyrite crystal. (top) Top view of a 3D
reconstruction of the crystal. (left column) Images of a yz cut through the crystal. The horizontal
blue line denotes the position of the xy cut shown in the middle column. The vertical green lines
denote the positions of the xz cuts shown in the right column. Voids are present in the bottom
half of this crystal. (middle column) Images of an xy cut through the crystal. The vertical red line
denotes the position of the yz cuts shown in the left column. The horizontal green lines denote the
positions of the xz cuts shown in the right column. (right column) Images of a series of xz cuts
through the crystal, showing voids only in the lower half of the specimen. The scale bar is 2 mm.
Figure reproduced from [70].

182



Appendix C

Igor Pro Fitting Procedure
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{f MODELING OF TEMPERATURE-DEPENDENT HALL EFFECT AND COMDUCTIVITY DATA
il tasted in lgor Pro 6.37

i

i

{f This data fitting routine was devaloped for betier insight into inon pyrite (Fe52) single crystals,
I but is also particularly suited for all other pyrite materials, all other samiconductors with inversion
il layer, and all other semiconduciors in ganeral.

i

I This seript is by no means perfect, and many improvements should be made. But it works.

il Moreover, documentation is poor, and might or might not be improved in the future

i

il Credit goes to Dr. Carsten Deibal for teaching me how to use Igor Pro in 2008,

i and Dr. Matt Beard solving some issues with this routine in 2012.

i

il A copy of this procedure file, alang with limited technical support from the author is available at
I moritzi@limpinsel.com

i

i

il

il Five easy staps to fit data:

i1 1) Input {best guess) matenal paramaters

il 2) Selact DOS (option & run MakeDO3 to calculate, option be import explicit DOS wawves)

I 3) Plot conductivity and [RH| ws. 1000/T

i1 4) Run local fit for conductivity data, use range restrictions to find decant fit parametars

il 5) Fun global fit with thase parameters, filting conductivity and |RH| simultaneously

i1 5) Plot output: camiar densities, mobilifies, Fermi level efc_.._ws. T

#pragma rtGlobals=1 I Use modem global access method.

Manu “Macros”
SubMenu "Model Hall Effect Data”
“Input parameters, stap 17, HallParametersFE1()
“Input parametears, step 27, HallParametarsFEZ()
"Choosa DOS", MakeDOSFE()
End
End

Macro HallParameatersFE 1(samplename, Mdb,Nab, Nds Mas, Edb, Eab, Eds Eas)

string samplename

varnable Mdb,Mab,Nds Nas,Edb,Eab Eds Eas

prompt samplename, "sample 10°

prompt Mdb, "log of bulk donor concentration”™

prompt Mab, "log of bulk accepior concentration”

prompt Mds, “log of surface donor conceniration™

prompt Mas, "log of surface acceplor concentration™

prompt Edb, “ionization ensrgy of bulk donor®

prompt Eab, “ionization energy of bulk accepior”

prompt Eds, “onization energy of surface donor®

prompt Eas, “onization energy of surface accepior”

HallParameters 1(samplaname, Ndb, Mab, Mds Mas Edb Eab Eds Eas)
End

Macro HallParameatersFE2(samplename,ds, me,mh,mue, muh,Egapd)
sining samplename
variabla ds.mea_mh mue,muh,Egapl
prompt samplename, "sample 107
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prompt ds, "log of thickness ratio surface/bulk”®

prompt me, "effactive electron mass”

prompt mh, "effective hole mass™

prompt mue, "electron mability at AT

prompt muh, "hale mobility at BT

prompt Egapd, “band gap at 0K”

HallParameters 2(samplaname, ds, me,mh,mue,muh, Egap0)
End

Macro MakeDOSFE(samplename.flag2)
siring samplenamea
variable flag2=2
prompt samplename, "Input sample ID. For explicit DOS: provide 'DOS_CB_ID', "energy_CB_ID", etc..”
prompt flag2, "For parabolic DOS: set value o 1.7
MakeDOS(samplanamsa,flag2)
End

function HallParameaters1{samplanamea Mdb Mab Mds Mas Edb Eab Eds Eas)
siring samplenamea
variable Mdb, Mab Nds Mas Edb Eab Eds Eas
string wooef="wcoel_"+samplename
MakelOiN=17 Swooef
wave w=Swooef
wilj=Ndb
wii]=Nab
wiZ]=Nds
wid=Nas
wi4]=Edb
wi5]=Eab
wiB]=Eds
wi7]=Eas
and

function HallParameters2{samplename ds,me mh,mue,muh, Egapd)
siring samplenamea
variable ds,mea,mh,mue,muh,Egapl
siring wooef="wcoel_"+samplenamea
MakeliN=1T Swcoef
wave
wig]=ds
wig]=me
wi10]=mh
wi11]l=muea
wl12]=muh
w{13]=Egap0

end

Function MakeDOS{samplaname.flag2)
siring samplenamea
variable flag2
sftring wooef="wcoefl_"+samplename
wave w=Swooef
variable Eg=w{13], me=w{8], mh=w[10]
w{15]=lag2
MakeMN=200 DO5_CB, DOS5_VB, energy_CB, enargy_VB
if (lag2==1} liparabolic DOS
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variable EC=Eg, EV=0
variable g=1.602e-19, h=5.6262-34
me=ma“8.11&-31
mh=mh*"8.11e-31
energy_CB=EC+x"0.01
enangy_VB=EV-x"0.01
D05 _CB=B"pi*Sqgri(2)* ma*1 5h"3"q*1.5" Sgrijenergy_CB-EC)'1eb
D05 VB=8"pi"Sgri(2)*mh*1.5h*3"g"1 5" Sqri{EV-energy_VB)1aB
else llexplicit DOS
string DOSCB="D05_CE_"+samplaname, DOSVB="D05_VE_"+samplenamsa, enCB="anergy_CHB_"
wave wi=3D0SCE, w2=3D0SVE, wi=3enCEB, wi=5enVB
DOs CB=w1
D05 VB=w2
energy_CB=w3
enargy_VBE=wd
endif
end

function fitHall{w,y, Twave): fitunc
wiave w.y, Twave
variable ds=10*w[8], mue=w{11]. mub=w{12], Egapl=w(13]. lag1=w{14]
Wavesiats/Q Twave
variable i=0, imax=V_npnis
variable EFb,EFs,nb, pb,ns,ps, mueb, muhb, mues, muhs, cb.cs.c, RHb, RHs RH
variable k=8.62e-5, g=1.602e-19, h=6.626a-34, hbar=1.055a-34
variable g=1, me=w[8]"9.11e-31, mh=w{10]"9.11&-31
variable db=1

varable imeri=5StarlMSTimer
i=0
do
variable T=1000/Twawve(i] !/ == take T from Twawve
variable full Tshrink = (1.88a-3*T*2) / (T+1915) /ifrom Karguppikar1S8&
variable Egap=Egap0 - fullTshrink /results in Eg(0K) - Eg(300K) = 0.077 &V
variable EV= 0 + fullTshrink/2
variable EC= Egap0 - fullTshrink/2
w[16] = T i pass on parameaier wave with T to bulk function
FindRootsiQIL=0/H=(Egap) bulk, w
EFb=\_Root
FindRootsMQL=0/H={Egap] surf, w
EFs=\_Ruoot

ffeabculation of n, pc
wave DOS_CB, enargy_CB, DDE_VB, enargy_VB
MakefDN=200 zwickalCBbulk, zwickelWVBbulk =wickelCBsurf, zwickelVBsurf
finclude offset to set band edge o DOS edge at every T:
DuplicaleD enargy_CB, enargy CB_T
DwplicaleD enargy_VB, enargy_VB_T
energy_CB_T=enargy_CB - (energy_CB[0] - EC)
enargy_VB_T=anergy VB - (energy_VB{D] - EV)
flcalculate carrier concentration from integration over DOS({E)"H{E):
2wickalCBbulk=D05_CB / {exp{(enargy_CB_T - EFb}(k*T)) + 1)
zwickalVBbulk=D0O5_VB / (exp{(-anangy_VB_T + EFb)/(k*T)) + 1)
zwickal CBsurf=D05_CB { (exp{(energy_CB_T - EFs)(k*T)) + 1)
zwickalVBsurf=D035_VB [/ (exp((-energy_VB_T + EFs)(k*T)) + 1)
nb = areaXY{energy_CB_T zwickelCBbulk EC,2)
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pb = areaXY{energy_VB_T,zwickelVBbulk.-1,EV)
ns = areaX{amargy_CB_T zwickelCBsurf EC.2)
ps = areaXY(anergy_VB_T.zwickelVBsurf,-1,EV)

I carrier mobilities

mueb=11*{0.07 / { 1/1.2e5 " mua"T"-2.0) + 1/ (150e-4"mua“T"1.5))) MNadjust numbers based on axpariment
muhb=mueb*mefmh Nassumption

mues=muh Hassumplion

muhs=muh Nassumption

cb=q"(nb*mueb + pb*muhb)
cs=q"[ns"mues + ps"muhs)
c=ch'db+cs"ds
RHb=q"{pb*muhb"2-nb*mueb”2 ycb"2
RHs=q"(ps"muhs"2-n5"mues"2 fcs™2
RH=abs{ RHb"(chic)*2"dbv1 + RHs"{cs/ck*2°dsM ) [feqgn (2] in peltritz18358
iffflag1==1)
yiifFe I ==>write y-wave
endif
iffflag1==
ylilFabs{RH) I ==writa y-wave
endif
i=i+1
while(i<imax)
layersobvar] Twase, w, fil") Ffmake wawves (n,p,EF, elc...) for plotting
variable t1=5topME Timer(timear1 )" 1e-6
print "all in all, this ook "1, " saconds”
end

Function bulk{w,EF) /isolves charge neutrality eqn for EF, given parameters and T in wave w
wave w I/ parameter wave [(wooef)
variabla EF
variable Edb=w{4]. MNdb=10"w{0], Eab=w{3], Nab=10"w[1], Egap0=w{13], T=w{18]
variable k=8.62e-5, g=1.602e-18, h=6.626a-34
variable g=1, me=w[9]"8.11e-31, mh=w{10]"9.11&-31
variablae fullTshrink = (1.88e-3°T"2) / (T+1815)
variable Egap=Egap0 - fullTshrink
variabla EV= 0 + fullTshrink/(2
variable EC= Egap0 - fullTshrink/2
variable Mdbi = Mdb /(1 + g * Exp( (EF-EC+Edb)(k"T) ) )
variable Mabi = Mab /(1 + g * Exp{{Eab+EV-EFWk*T) ) )

lfcalculation of n, pc
wave DOS_CB, energy_CB, DOS_VB, enaergy_WVB
Make/OMN=200 zwickelCBbulk, zwickel\VBbulk
llinclude offset o set band edge to DOS edge at every T:
Duplicale/D energy_CB, energy CB_T
Duplicate/D energy_VB, energy VB_T
energy_CB_T=energy_CB - (energy_CB[0] - EC)
energy_VB_T=amargy_VB - (energy_VB[0] - EV)
flcalculate carrier concentration from integration over DOS({E)HE):
zwickalCBbulk=D05_CB / (axp{(enargy_CB_T - EFMk'T)) + 1)
zwickalVBbulk=D05_VB J/ (axp([-anargy_VB_T + EFMK"T)) + 1)
variable n = areaXY{energy_CB_T_ zwickelCBbulk EC 2}
variable p = areaXY{energy_VB_T zwickalVBbulk,-1,EV)

187



raturn Ndbi + p - n - Mabi
and

Function surf{w, EF) isolves charge neutrality egn for EF, given parameaters and T in wava w
wave w Il parameater wave = {Ed1, Nd1, Eab, Nab, Eas, Mas, ds, bemualmuh, T}
variabla EF
variabla Eds=w(E], Nds=10"w{Z], Eas=w[7], Nas=10"w[3], Egapl=w{13], T=na{16]

variable k=B.62e-5, q=1.602e-19, h=6.626e-34
variable g=1, me=w[3]"9.11e-31, mh=w{10]"8.11e-31
variable fullTshrink = (1.89e-3"T*2) / (T+1915)

variable Egap=Egap0 - fullTshrink

variable EV'= 0 + fullTshrink/2

variable EC= Egap0 - full Tshrink/2

variable Ndsi = Nds / (1 + g * Exp{ (EF-EC+Eds)(k*T) ) )
variable Nasi = Nas / (1 + g * Exp{{Eas+EV-EF){k*T) } )

ffcalculabon of n, po
wave DOS_CB, enargy_CB, DOS_VE, enargy_VB
MakaDN=200 zwickalCBsurf, zwickal\vV'Bsurf
flindlude offsat to set band edge fo DOS adge at every T:
Duplicate/0 enargy_CB, energy CB_ T
Duplicate/D enargy_VB, enargy VB_T
enangy_CB_T=enargy_CB - (energy_CB[0] - EC)
enargy_VB_T=anargy_VB - (anergy VB[O] - EV)
fcalculate carrier concentration from integration over DOS(EJHE)
zwickalCBsurf=D05_CB { (exp{{energy CB_T - EFM(K*T)) + 1)
zwickalVBsurf=005 VB ! (exp({-energy_VB_T + EFWk*T]}) + 1)
variable n = areaxY{energy_CB_T zwickelCBsurf EC 2)
varigble p = areaXY{energy_VB_T,zwickelVBsurf.-1 EV)

raturn p - n - Masi + Ndsi
and

Macro BatchSobver Twawve,w,out,i.Vmin,Vmax, dv)
wave Twave,w
siring out
varabla,i,Vmin,Vmae,dy, Vv
varnabla n={\Vma=-Vminp)d/+1

variabla j=0
do V="Vmin+dvej
wiil=V
siring outn=out+num2sin(V)
LayerSalver| Twave, w,outn)
it
while j<n+1
end

Function LayerSalver( Twave, w,out) lcreates wawves for EC.EV. EF np, ... for a parametar set given by w
{fcalls functions bulk and surf for each T-point given in Twawe
wave Twave,w
string out
varnabla ds=10"w[8], mue=w{11]. muh=w{12], Egapl=w[13]
Wavestats/iQ Twave
string iTouwt="invT_"+out //make invT wawve for fit outputs
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DuplicatefO Twave, SiTout

varable i=0, imax=V_npnis

Make/M=(imaxyD EC

MakeMN=(imaxyD EV

MakefN={imaxyD EFbulk

MakefN={imaxyD EFsurf

Make/N={imaxVD nbulk

Make/N={imaxyVD pbulk

MakeMN=(imaxy0 ni

MakefN={imaxyVD nsurf

MakefN={imaxyVO psurf

Make/N={imaxyVD debye

Make/N={imaxVD muek

Make/N={imaxVD muhk

MakefN={imaxyD mues

MakefN={imaxyD muhs

Make/N={imaxVD cbulk

MakefN={imaxVD csurf

MakefMN={imaxVD RHbulk

MakefN={imaxyD RHsurf

MakefN=(imax)D cond

Make/N={imaxyD RH

wave EC EV EFbulk, EFsurf, nbulk, pbulk, ni, nsurf, psurf, |_debye, mueb, muhb, mues, muhs, cbulk, csurf,
variable k=B.62e-5, g=1.602e-19, h=6.626a-34, hbar=1.055a-34
variable g=1, ma=w{8]"8.11e-31, mh=w{10]"8.11e-31, eps=21,eps0=H.8548-12
variabla db=1

do

variabla T=1000Twave(i]

w[18]=T

variable Egap=Egap0 - (1.88e-3*T*2) / (T+1915) /iresults in Eg(0K) - Eg(300K) = 0.077 eV
variable EVB= O+ (1.89e-3"T*2) / (T+1915) /2
variable ECB= Egap0 - (1.89e-3"T*2) / (T+1915) /2
EC[i|=ECB

EVil=EVE

FindRoot=/L=0/H=({Egap) bulk, w

variabla EFb=V_Roat

FindRoot=//L=0/H=(Egap) surf, w

variable EFs=\_Root

EFbulk[i]=EFb

EFsurf[il=EFs

ffealculation of DOS, n, pc
MakefOiM=200 zwickelCBbulk, zwickel\VBbulk, swickelCBsurf, zwickal\VBsurf
wave DOS_CB, enargy_CB, DOS_VB, energy_VB
flinclude offsat io st band edge to DOS edge at every T:
Duplicate/O energy_CB, energy_CB_T
DuplicatedD energy_ VB, energy_VB_T
energy_CB_T=energy_CB - (energy_CB[0] - ECB)
enaergy_VB_T=anargy_\B - (anergy_VB{0] - EVE)
ffcalculate carrier concentration from integration over DOS(E)*HE):
zwickalCBbulk=D0S5_CB [ (exp{jenargy_CB_T - EFb}{k*T)) + 1}
zwickalVBbulk=D05_VB [ (=xp((-energy_VB_T + EFb)/[k*T)) + 1)
zwickalCBsurf=D0S_CB [ (exp{(energy_CB_T - EFs)(k*T)) + 1)
zwickalVBsurf=D05_VB ! (exp({-energy_VB_T + EFs(k*T)) + 1)
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nbulkfi] = areaXY{anargy_CB_T zwickelCBbulk, ECB 2)
pbulkfi] = areaX{anergy_VB_T zwickelVBbulk -1,EVB)
nsurfli] = areaXY{energy_CB_T . zwickelCBsurf, ECH,2)

psurfli] = areaky(energy_VB_T.zwickel'Bsurf.-1 EVB)

nili] = Sqrinbulk[i]* pbulk )

debya[i] = (2*eps“aps0*k" Tiginbulk[i]* 1a6)*0.5

1Y carrier mobilities

mueb{i]=11%(0.07 { { 1/{1.2e5"mue*T*-2.0) + 1/ (150e-4"mua*"T*1.5))) Nadjust numbers basad on exp
muhbi]=muebi]* me/mh

mues[il=muh

muhs[il=muh

chulk[il=q"{nbulk[i]*mu=b{i] + pbulkfi]*muhb(i])

csurffil=g(nsurf[i]"mues]i] + pswrii]"muhs{i])

RHbulk[i}=q"{ pbulk[i] “muhb[i]* 2-nbulk]i] musb{i]*2 Febulkfi}*2
RHsurflil=q"{psur(i]*muhs[i]*2-nsurf{i]*mues]i] "2 Jcsurf]i]~2

cond[ij=chulk[i] *db+cswrffi]*ds #egni3) in petritz1958

RH[i|==bs={ RHbulk[i]*(cbulk[i]fcond[i] }*2*db/1 + RHswri]*(csurf{iifcond[i]}*2*dsM }
=i+t

while(i<imax)

string ECout="EC_"+outl
siring EVioul="E\_"+out
siring EFbout="EFb_"+out
string EFsout="EFs_"+out
sfring nbout="nb_"+out

sfiring pbout="pb_"+out

siring niout="ni_"+out

siring nsout="n=_"+out

siring psout="p=_"+out

siring debysout="_deabys_"+out
siring muebout="musab_"+out
siring muhbout="muhb_"+out
siring muesout="mues_"+out
siring muhsout="muks_"+out
string chout="ch_"+out

siring ceowl="cs_"+out

string RHbout="FHb_"+out
string RHsoul="FHs_"+oul
siring cout="c_"+out

string RHout="RH_"+out
Duplicatef0 EC, $ECout
DuplicatefO EV, SEVout
DuplicatefO EFbulk, SEFbout
DuplicatefO EFsurf, $EFsout
Duplicate/O nbulk, $nbout
DuplicatefO pbulk, Spbout
DuplicatefO ni, Sniout
DuplicatefO nsurf, $nsout
DuplicatefO psurf, $psout
Duplicatei0 dabye, Sdebysout
DuplicatefO mueb, $musebout
Duplicate®O muhb, $muhbout
DuplicatefD mues, $muesout
DuplicatefO muhs, $muhsout
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Duplicate/O chulk, Schout

DuplicatedO csurf, $csout

Duplicate/O RHbulk, $RHbout

DuplicatedO RHsurf, SRHsout

Duplicate/Or cond, $cout

Duplicate/O RH, SRHout

waveclaar EC EV EFbulk, EFsurf, nbulk, pbulk, ni, nsurf, psurf, debye, mueb, muhb, mues muhs, cbulk, csurf,
end

function FormatSign{namea) flduplicates a wave, taking abs of the original and deleting all positive antries of the coy
siring name
siring RH="AH"+nama
siring AHpos="FH +namea+ pos”
siring RHneg="RH"+name+"neg"
wave R=3RH
wavesiatsiQ R
MakeMN=(V_npnts) $RHpos=R
MakeifN=(V_npnts) $RHneg=R
wave Rp=$RHpos, Rn=5RHneg

variable i=0
do
i{Rn(i}>0)
RnififFnan
endif
if{Rp{il=0)
Rp[ilEnan
endif
=it
while( i<(V_npnts+V_numMans))iiuse sum of entries and MalN's
Rp=abs(Rp)
Rn=abs(Rn)
waveclear R,Rn.Rp
End

Function Poisson]Diw) lcalculate Viz) starting from z=0 for surfaca inta bulk. all energies w.rt. constant EF
lfoosfficient wave is wooef
WavE W
variable Ea=w{0] Ma=10"w{1],Ed=w{2] Nd=10"w{3],ds=100 /ids is surface thicknass in nm

variable i=0
variable k=8.62e-5, g=1.602e-19, h=6.626e-34, hbar=1.055a-34
variable g=2, ma=0.49"3.11e-31, mh=1.5"3.11e-31

variable T=300, Eg=0.95
wl10]=THuse only one T, pass it to bulk(} and surf() functions
variable EV=0, EC=Eqg

FindRoot=/QfL=0/H=(Eg) bulk, w
variable EFb=Y_Roat

FindRoots/QfL=0/H={Eg) surf, w

variable EFs=V_Root

variable Vbi=EFb-EFs /idefinition of built<in patential

lfcalculate nb and ps for boundary conditions:
MakelOfN=200 zwickalCBbulk, zwickel\VBbulk, zwickelCBsurf, zwickal\VBsurf
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end

wave DOS_CB, enargy_CB, DOS_VB, enargy_VB

flincluda offsat to set band edge o DOS edge at every T:
Duplicate/O energy_CB, energy_ CB_T

Duplicate/O energy_\VB, energy_VB_T

enargy_CB_T=enerngy_CB - (energy_CB[0] - EC)
enargy_VB_T=anargy_WVB - (energy_VB[199] - EV)

flcalculate carrier concentration from integration over DOS(E)*f(E):
zwickalCBbulk=D05_CB / (axp{(energy_CB_T - EFb)f(k*T)) + 1)
zwickal\VBbulk=DOS_VB ! (2xp((-energy_VB_T + EFb)(k"T)) + 1)
zwickelCBsurf=D0OS_CB [ (exp{(energy_CB_T - EFs)(k*T)) + 1)
zwickal\VBsurf=D05_VB / (sxp{(-energy_VB_T + EFs)(k"T)) + 1)
variable nbulk = areaX|{energy_CB_T zwickalCBbulk EC 2.5)
variable pbulk = arezXY(energy_VB_T zwickelVBbulk -1 EV)
variable nsurf = areaXv{anergy_CB_T zwickelCBsurf EC 2.5)
variable psurf = areaXY{anergy_VB_T, zwickelVBsurf -1,EV)

fluse EC(z) as VW(z). all energies w.rt. EF

fiboundary conditions: EC(0)=0.95-EFs, EC{inf)=0.95-EFb
fluse IntegrateODE() for 2 coupled eqns of order 1:
HV[x=E[x] and E'lx}=gleps"(NilV[z]l+p[M[zI-n[V[z]])
HMintegrateODE derivFunc, cwaveMame, ywaveSpec
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