ADVANCED

ENERGY
MATERIALS

'A\
Me \Iiﬁﬂ}

www.MaterialsViews.com

www.advenergymat.de

Atmospheric-Pressure Chemical Vapor Deposition of Iron

Pyrite Thin Films

Nicholas Berry, Ming Cheng, Craig L. Perkins, Moritz Limpinsel, John C. Hemminger,

and Matt Law™>

Iron pyrite (cubic FeS,) is a promising candidate absorber material for
earth-abundant thin-film solar cells. In this report, single-phase, large-grain,
and uniform polycrystalline pyrite thin films are fabricated on glass and
molybdenum-coated glass substrates by atmospheric-pressure chemical
vapor deposition (AP-CVD) using the reaction of iron(l1l) acetylacetonate

and tert-butyl disulfide in argon at 300 °C, followed by sulfur annealing at
500-550 °C to convert marcasite impurities to pyrite. The pyrite-marcasite
phase composition depends strongly on the concentration of sodium in the
growth substrate and the sulfur partial pressure during annealing. Phase

and elemental composition of the films are characterized by X-ray diffraction,
Raman spectroscopy, Auger electron spectroscopy, secondary ion mass spec-
trometry, Rutherford backscattering spectrometry, and X-ray photoelectron
spectroscopy. The in-plane electrical properties are surprisingly insensitive
to phase and elemental impurities, with all films showing p-type, thermally
activated transport with a small activation energy (~30 meV), a room-
temperature resistivity of =1 Q cm, and low mobility. These ubiquitous elec-
trical properties may result from robust surface effects. These CVD pyrite thin
films are well suited to fundamental electrical studies and the fabrication of

multiterawatt PV deployment.} Unfor-
tunately, pyrite devices suffer from a low
open-circuit photovoltage (Voc): under
standard test conditions, the best pyrite
photoelectrochemical and  solid-state
Schottky solar cells show large photocur-
rents (30-42 mA cm2) but Ve < 200 mV
(about 20% of the bandgap) and efficien-
cies of =3%.L719 Since 1984, a number
of studies have explored possible causes
of the low Vg, including bulk or near-
surface nonstoichiometry (usually ascribed
to sulfur vacancies),!™3] midgap defect
states that cause surface Fermi level pin-
ning, thermionic-field emission, and large
dark currents, 14716 metallic FeS-like sur-
face layers,["”'8l and domains of small-gap
phases in the pyrite bulk (including pyr-
rhotite, marcasite, and amorphous iron
sulfide phases).''1% To date, there is no
consensus as to the cause of the low V¢
or the nature of the alleged gap states.

pyrite photovoltaic device stacks.

1. Introduction

Iron pyrite (FeS,) is a promising photovoltaic (PV) material
because of its suitable bandgap (E, = 0.95 eV), strong light
absorption (& > 10° cm™ for hv > 1.4 eV), long minority car-
rier diffusion lengths (100-1000 nm), and essentially infinite
elemental abundance, which makes it particularly exciting for
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Enhancing the photovoltage and efficiency

of pyrite solar cells requires basic research

on the growth, structural and electronic

characterization, and bulk and surface
defect passivation of pyrite thin films.

Pyrite can be described as Fe?* S7~, in which the sulfur ions
are paired into persulfide dimers. The crystal structure is sim-
ilar to rock salt (space group pa3), with a face-centered cubic
(FCC) sublattice of Fe?* ions and sulfur dumbbells pointed
along the <111> directions occupying the anion sites.?l This
arrangement results in a slightly distorted octahedral coordi-
nation for Fe?*, which exists in its diamagnetic d°® configura-
tion, and tetrahedral coordination of each sulfur atom to three
iron ions and its dimer partner. The basic electronic structure
of pyrite has been the subject of extensive experimentall?'=2°]
and theoretical studies.["®26-30 The top of the valence band is
formed by the overlap of mostly nonbonding Fe 3d t,, states,
while the bottom of the conduction band is composed primarily
of Fe €; and S ppo” states.

Pyrite thin films have been prepared by many techniques,
including the sulfurization of iron thin films,B'""1 sput-
tering,3**] flash evaporation,*>*! electrodeposition,*** spray
pyrolysis,*l molecular beam epitaxy,*”! and chemical vapor dep-
osition (CVD). Pyrite growth by CVD has been studied mainly
by three research groups using three different CVD chemistries
(see Table 1). The Tributsch group at the Hahn-Meitner Institut
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Table 1. Pyrite thin films made by CVD. IPC, iron pentacarbonyl; TBDS, tert-butyl disulfide; TAA, thioacetamide.

Chemistry Substrate T P Composition and properties Ref
°c] [Torr
IPC, H,S/S Glass 130-140 760 FeS; .0, p-type,p=2Q cm [48]
IPC, TBDS Steel, Al 480 5 - [49]
IPC, TBDS Glassy C 500-600 38 FeS,0_ .04 p-typed [64]
IPC, S Glassy C 300 + A 760 FeS,0_ .04 p-typed [64]
IPC, TBDS Various 525-630 38 FeSy 00205 52]
IPC, TBDS Si, GaP, ZnS 450-500 38 FeS 90.2.01,”) O epitaxy 53]
IPC, TBDS Pyrite, ZnS 475 38 Epitaxy on pyrite, not ZnS; p=2 Q cm [54]
IPC, TBDS Glass, carbon 475 38 FeSio82.00.p-type,p=1Q cm [55]
IPC, TBDS Glass 425 38 Fe.92C00.07852,21-typed9)p = 0.005 Q cm, iy = 2.4 cm2 V1 57! [56]
FeCl;, TAA Glass 450-550 760 FeS: 04,91-type,p =10 Q cm gy =20 cm? V' s™! [57]
FeCl;, TAA Silicon 400 760 epilayer, FeS; ¢5,91-type®)p =10 Q cm, piy =280 cm? V' s7! [58]
Fe(acac)s;, TBDS, H, Glass 300-340 8 FeSyes- 2082 p-type,dp=1Q cm [59]
Fe(acac);, TBDS Glass, Si, moly/glass 300 + A 760 FeS;.00+006 P-type,dp=1Q cm This work

2o = by microprobe; P)by RBS; 9by energy dispersive sepctroscopy (EDS); by thermopower; )by Hall effect; fannealed in sulfur vapor.

in Berlin used iron pentacarbonyl (IPC) as an iron source and
H,S, sulfur, tert-butyl sulfide (TBS), or tert-butyl disulfide (TBDS)
as the sulfur source at temperatures of 130-600 °C at both
atmospheric and low pressure.[*-% Nominally undoped films
made with IPC were reported to be p-type with low values of dark
resistivity (0.1-1.0 Q cm), thermopower (<70 uV K1), and carrier
mobility (<0.1 cm? V! s71) at room temperature. Relatively high
temperatures (>450 °C) and high sulfur precursor pressures were
needed to avoid the formation of marcasite (orthorhombic FeS,)
and pyrrhotite (monoclinic or hexagonal Fe;_,S) phase impuri-
ties, the latter of which appear to be particularly detrimental to
the optoelectronic properties of pyrite films.”>! Films made at
sufficiently high sulfur precursor pressures showed S:Fe ratios of
2.02 + 0.02 by Rutherford backscattering spectrometry (RBS).>%
Excess sulfur has been alleged to cause p-type doping (via iron
vacancies acting as acceptors),°! but the evidence for iron vacan-
cies or sulfur interstitials is weak and any excess sulfur may
reside at grain boundaries rather than lattice sites. Intentional
doping with cobalt was demonstrated to produce n-type films.>%l

The Nakamura group in Japan has explored the growth of
polycrystalline pyrite films on glass substrates using FeCl; and
thioacetamide at 450-550 °C at atmospheric pressure.’”] The
films showed n-type conductivity (presumably from chlorine
doping, since nominally undoped pyrite single crystals made by
chemical vapor transport (CVT) with halogen transport agents
are n-typel®-93 and density functional theory modeling shows
that Cl acts as a donor in pyrite),[® a relatively high resistivity
of 1-10 Q cm, and a Hall mobility of 20 cm? V' s7%. These
authors later extended their approach to grow micron-thick
pyrite epilayers on silicon (100) substrates at 400 °C. These
films showed an S:Fe ratio of 1.98, n-type conductivity, and Hall
mobilities as high as 280 cm? V-1 71158 This remarkable epil-
ayer result has apparently not been pursued further or repro-
duced by other groups.

Goossens, Schoonman,and co-workersP*%lsynthesized 100nm
thick pyrite films using iron(III) acetylacetonate [Fe(acac)s],

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

TBDS, and H, mixtures at 300-340 °C. These authors reported
that hydrogen was required for film growth. The films showed
S:Fe ratios of 1.98-2.07 by RBS, appreciable oxygen, carbon,
and hydrogen content by elastic recoil detection analysis
(=0.4 at%, =2 at%, and =1 at%, respectively), p-type conductivity
(positive Seebeck coefficients of 30-70 uV K™! at room tempera-
ture), and dark resistivities of 0.5-1.0 Q cm. The films made
with Fe(acac); show strikingly similar electrical properties to
films grown with IPC.

In this report, we present single-phase, large-grain, and
uniform polycrystalline pyrite thin films grown on glass and
molybdenum-coated glass substrates by CVD using the reac-
tion of Fe(acac); and TBDS at 300 °C and atmospheric pressure
without hydrogen, followed by sulfur annealing at 500-550 °C
to convert marcasite impurities to pyrite. Fe(acac); was selected
as the iron source to avoid IPC, which is a thermally unstable
and highly toxic precursor, and FeCl; or other halide salts, which
are expected to dope the films n-type with halogen donors. We
show that hydrogen is not required to produce FeS, films. The
annealed films are rigorously phase pure by XRD, Raman spec-
troscopy, and initial magnetic susceptibility measurements and
possess appropriate morphological and optical characteristics
for application in solar cells. Auger electron spectroscopy (AES)
and secondary ion mass spectrometry (SIMS) depth profiling
and X-ray photoelectron spectroscopy (XPS) are used for the first
time to determine the elemental composition and impurity con-
tent of pyrite films grown on device substrates. Interestingly, all
FeS, films—regardless of their phase purity or growth substrate
—show very similar electrical properties, that is, thermally acti-
vated p-type conductivity with a relatively low room-temperature
resistivity (=1 Q cm) and low mobility. The negligible electrical
impact of phase and elemental impurities suggests that in-
plane transport in pyrite thin films may be dominated by robust
surface effects rather than bulk properties. These CVD pyrite
thin films are promising for fundamental electrical studies and
for the fabrication of pyrite PV device stacks.
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2. Experimental Section
2.1. FeS, Thin-Film Synthesis and Sulfur Annealing

FeS, 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 (299.9%, 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 pre-
cursors (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 sub-
strates 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. The molybdenum layers
were deposited by sputtering. All FeS, films were grown using
these procedures and parameters.

Sulfur annealing was performed in 14 mm inner diam-
eter 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 mTorr and flame sealed with
an oxygen-hydrogen torch. Sealed ampoules were placed in a
programmable box furnace set to ramp to the desired tempera-
ture 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.

2.2. Film Characterization

Powder X-ray diffraction (XRD) data were collected with a
Rigaku Ultima III diffractometer using Cu Ko radiation and
a 1° incidence angle. Quantitative phase concentrations were
established by simulating powder patterns with the Jade 7.5.1
XRD software package using the Rietveld refinement proce-
dure. High-resolution synchrotron XRD was carried out on
beamline 11-BM of the Advanced Photon Source at Argonne
National Laboratory. SEM imaging employed an FEI Quanta
3D FEG operating at 10 kV. Prior to SEM imaging, samples on
insulating substrates were coated with =1 nm of Au/Pd using a
Polaron SC 7620 sputterer. A Renishaw inVia confocal Raman
Microscope with less than 5 mW of 532 nm laser excitation
and a 50X objective lens was used for Raman experiments.
Film surface roughness was measured on an Asylum MFP-
3D-SA atomic force microscope. UV-vis optical absorption
measurements were performed with a PerkinElmer Lambda
950 spectrophotometer equipped with a 65 mm integrating
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sphere. Temperature-dependent resistivity and Hall effect data
were acquired on an Ecopia HMS 5000 system using the van
der Pauw method with a current of 2 pA. Ohmic contacts were
made by evaporating 250 nm of Ag through a shadow mask
in a glovebox thermal evaporator at a pressure of 107 Torr.
Qualitative thermopower measurements were carried out in
a glovebox using a hotplate to establish an 80 K temperature
gradient across the samples and a Keithley 2636 SourceMeter
to determine the majority carrier type. Magnetic susceptibility
was measuredin Quantum Design MPM S-XL sample magnetom-
eter with a SQUID detector in fields up to 1 Tesla.

XPS measurements were performed with an ESCALAB
MKII surface analysis instrument (VG Scientific). The ultrahigh
vacuum multichamber system was equipped with a twin anode
X-ray source (Mg/Al) and a 150 mm hemispherical electron
energy analyzer. Spectra presented in this study were collected
using Al Koo X-rays (1486.6 eV) in constant energy mode with
pass energies of 100 and 20 eV for survey scans and narrow
scans, respectively. Binding energies were charge corrected
by using Au foil to calibrate with respect to the Au 4f peak at
84.0 eV.

SIMS was performed by Evans Analytical Group on a Cameca
dynamic SIMS instrument using 14.5 keV Cs ions for anions
(S, O, H, C, Si, and Cl) and 8 keV O, ions for cations (Na, K,
Mg, Ca, Al, and Mo). Estimated detection limits were 1 X
10" atoms per cm? for Na, K, Al, Mg, and Ca, 5 x 10" atoms
per cm? for C, 2 x 10'® atoms per cm? for O and H, and 5 X
10'® atoms per cm? for Si and Cl. Atomic concentrations are accu-
rate to within a factor of 2 or 3 for O, Na, K, Mg, and Ca and a
factor of 10 for the other elements. The depth scale was quanti-
fied by measuring the analysis craters with a stylus profilometer
and confirmed by SEM imaging of the sectioned films.

Auger electron spectroscopic measurements were performed
using a modified Physical Electronics Model 670 field emis-
sion scanning Auger microprobe that has been described previ-
ously.%! For depth profiling experiments a 5 kV, 20 nA primary
electron beam was used in conjunction with a 3 kV Ar" ion
beam. Samples were rotated at 1 rpm during sputtering and
data acquisition. Direct spectra were numerically smoothed and
differentiated using the Savitsky—Golay algorithm.[®’l Elemental
intensities were corrected by literature sensitivity factors for our
instrument and the atomic concentration results were normal-
ized to 100%.

RBS was performed by Evans Analytical Group with 2.275 MeV
alpha particles incident normal to the samples and detected
at backscattering angles of 160° and 100°. The samples were
too rough to allow high-precision quantification with RBS. The
estimated quantification uncertainty was £3 at% for films on
glass. Light elements (e.g., C and O) and cations in the glass
were largely obscured by the film roughness.

3. Results and Discussion

Scanning electron microscopy (SEM) and XRD characteriza-
tion of a representative 350 = 50 nm thick FeS, film grown on
a glass substrate by AP-CVD at 300 °C are shown in Figure 1.
As-grown films have a highly angular, fractal-like grain mor-
phology and consist of pyrite contaminated with a slight
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(to check for sulfur-deficient phases, most of

o

Counts / a.u.

T T T
pyrite on glass
| pyrite standard |

which are magnetic).

We also grew pyrite films on Mo-coated
glass substrates to make absorber layers
appropriate for thin-film pyrite solar cells.
Figure 2 shows SEM and XRD data for a rep-
resentative 280 + 50 nm thick FeS, film on a
Mo-coated glass substrate at 300 °C (400 nm
thick Mo layer). As-grown films consist of

w_
L

Figure 1. FeS; thin films on soda lime glass substrates. Plane view and cross-sectional SEM
images of a film a) before and b) after sulfur annealing (0.65 atm of sulfur vapor at 500 °C for
8 h). ) XRD pattern of the sulfur-annealed film, along with a pyrite powder reference pattern.
See Figure S2 in the Supporting Information for high-resolution XRD scans of an FeS, film

before and after sulfur annealing.

marcasite (orthorhombic FeS;) phase impurity (Figure la and
Figure S1,S2 in the Supporting Information). Using XRD
phase quantification analysis (see Experimental Section), we
estimate that 350 nm thick as-grown films are =5% marcasite
by volume. No sulfur-deficient phases (e.g., pyrrhotite Fe; ,S)
were observed in ultraslow (0.02° per minute) XRD scans using
a laboratory diffractometer. Anaerobic annealing in sulfur vapor
at 500-550 °C for several hours in a quartz ampoule eliminates
the marcasite impurity and results in phase-pure pyrite films
consisting of smooth, well-connected columnar grains 100-300
nm in lateral diameter spanning the 375 * 50 nm thickness of
the films (Figure 1b,c). The annealed films are optically flat and
have a mirror-like, golden luster. The annealed films were con-
firmed to be phase-pure pyrite by synchrotron-based, high-res-
olution powder XRD using beamline 11-BM of the Advanced
Photon Source at Argonne National Laboratory (Figure S3,
Supporting Information), Raman spectroscopy (to check for
trace marcasite) and preliminary SQUID-based magnetic sus-
ceptibility measurements of powders scraped from these films

Two Theta

40 3060 pyrite contaminated with a large amount of

marcasite (e.g., 45% marcasite for a 280 nm
thick film). The marcasite content of as-grown
films is much larger on Mo-coated glass than
on plain glass because of the lower concen-
tration of sodium on the surface of the Mo
layer (vide infra). Anaerobic sulfur annealing
at 500-550 °C converts the marcasite to
pyrite and results in phase-pure pyrite films consisting of well-
connected equiaxed grains 50-300 nm in diameter (Figure 2b,c).
Similar to the films on glass, the annealed films on Mo-coated
glass are optically flat and have a mirror-like, golden luster. As
with the films on plain glass, no sulfur-deficient phases (e.g.,
pyrrhotite Fe; ,S) were observed in ultraslow XRD scans either
before or after sulfur annealing. The annealed films were also
confirmed to be free of marcasite by Raman spectroscopy
(Figure 3). Magnetic susceptibility measurements of these films
were not performed due to potential complications stemming
from the paramagnetism of molybdenum. The annealed pyrite
films are optically flat, mechanically robust (i.e., they pass the
Scotch tape adhesion test), and free of peeled regions, cracks,
and pinholes.

Sulfurization causes substantial morphological and chem-
ical changes to the underlying Mo layer of films grown on
Mo-coated glass substrates, resulting in a substantial increase
in the volume of the Mo coating and the appearance of two
distinct layers in cross-sectional SEM images (see Figure 2b).
Sulfur annealing of plain Mo-coated glass
substrates (without FeS, films) causes similar
changes (Figure S6, Supporting Information).

| annealed

Counts / a.u.

as made

.—” . I|I|I\I I I.-II.

XRD shows that the sulfur-annealed sub-
strates consist of a mixture of MoS, and Mo
e phases (Figure S6, Supporting Information).

: Scanning AES depth profiles were used to
determine the elemental composition of each
layer in the annealed substrates (Figure S7,
Supporting Information). These measure-
ments show that sulfurization produces
stratified films that can be described as MoS,/
1 MoS,/Mo/MoO,/glass with a relatively sharp
MoS,~Mo interface visible in SEM images.
SIMS depth profiles of sulfur-annealed pyrite

1 pyrite
I marcasite

Figure 2. FeS, thin films on Mo-coated soda lime glass substrates. Plane view and cross-
sectional SEM images of a film a) before and b) after sulfur annealing (0.65 atm of sulfur vapor
c) XRD pattern of the films, along with pyrite, marcasite, molybdenum,
and MoS, reference patterns. See Figure S4 (Supporting Information) for high-resolution XRD
scans of the annealed film. Figure S5 (Supporting Information) shows SEM and XRD data for

at 500 °C for 2 h).

a similar film on a silicon substrate.

10 20 30 40 50 60
Two Theta
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films on Mo-coated glass substrates verify
the existence of a MoS,/Mo double layer as
well as the presence of MoO, near the glass
surface (see below). Despite these drastic
morphological changes, sulfur annealing
only slightly increases the sheet resistance of
the plain substrates (from 0.35-0.44 Q/[] to
0.8-1.5 Q/[) and the annealed substrates still

Ady. Energy Mater. 2012,
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Figure 3. Phase composition by scanning Raman spectroscopy. Raman spectra of FeS, films on a) glass, b) Mo-coated glass, and c) quartz substrates
before and after sulfur annealing (Aincigent = 532 nm). Peaks due to marcasite have underlined wavenumber labels. As-grown films on quartz show the
largest marcasite fraction and clearest Raman bands (at 323, 385, 391, and 441 cm™). Annealing completely eliminates marcasite in all cases. The
small peak at 295 cm™' labeled with an asterisk is an instrument artifact. The origin of the broad feature at 487 cm™ is unknown. d) A 32.5 X 32.5 um
Raman map of the marcasite distribution (integrated 323 cm™' band) for an as-grown film on glass. At right are spectra collected from adjacent bright

and dark pixels (“1” and “2” on the map).

pass the tape adhesion test. Therefore, sulfur-annealed pyrite
films on Mo-coated glass substrates seem suitable for the fabri-
cation of thin-film pyrite solar cells.

The phase purity of the annealed pyrite films was character-
ized with Raman spectroscopy, which we found to be a substan-
tially more sensitive technique than XRD for detecting trace
marcasite impurities in pyrite. During the course of this study,
several as-grown samples that appeared to be phase-pure pyrite
by slow XRD scans in our laboratory diffractometer showed a
clear marcasite impurity peak at 323 cm™ in Raman spectra.
It is possible that the marcasite domains in nearly pure pyrite
films are simply too small (<1-2 nm) to efficiently diffract
X-rays, and thereby evade XRD detection. The implications are
troubling because most published studies of pyrite thin films
rely solely on low signal-to-noise XRD data for phase charac-
terization and do not utilize Raman spectroscopy for marcasite
detection. As a result, it is likely that some of the published
reports of “pyrite” actually employed mixed-phase samples con-
taminated to different degrees with marcasite (and perhaps also
pyrrhotite and other sulfur-deficient phases).'! In our experi-
ence, rigorous phase characterization of pyrite requires multiple
high-sensitivity techniques such as Raman spectroscopy for mar-
casite detection and magnetic susceptibility measurementsl>!
or Mossbauer spectroscopy®® for detection of pyrrhotite
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and other phases with compositions close to FeS (Raman spec-
troscopy is not suitable for trace pyrrhotite detection because
pyrrhotite is Raman inactive).*”]

Figure 3 shows Raman spectra for films on glass, Mo-
coated glass, and quartz substrates both before and after sulfur
annealing. Before annealing, all of the films consist of a mix-
ture of pyrite and marcasite phases, with the marcasite fraction
smallest on glass and largest on quartz due to the difference in
the sodium content of these substrates (see below). We observed a
total of four separate Raman bands from pyrite: dominant bands
at =343 cm™! and =379 cm™, a small shoulder at =350 cm™,
and a minor band at =429 cm™, corresponding to the A, (S,
dumbbell libration), E, (S, dumbbell stretching), Ty(1), and
Ty(3) vibrational modes, respectively. A fifth band expected
at =377 cm™! (the T,(2) mode) is probably present but buried
within the dominant E, peak. For marcasite, we also observed a
total of four distinct Raman bands, including dominant bands
at 315-324 cm™! and =385 cm™, a shoulder at =391 cm™}, and
a minor band at =441 cm™! (marcasite bands are denoted in
Figure 3 by underlined labels). These spectra are in good agree-
ment with previous reports.’*7% As-grown films on glass have
the lowest marcasite fraction (<5% by volume, as determined
by XRD phase quantification) and typically show only a single
marcasite Raman band at 315-324 cm™! (Figure 3a; note that the
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Figure 4. Bulk elemental composition of pyrite films. a) AES and SIMS depth profiles of a
450 nm thick annealed (pure pyrite) film on a Mo-coated glass substrate. The sample can be
described as FeS,/MoS;/MoS,/Mo/MoO,/glass. The AES profile shows the presence of potas-
sium at the pyrite surface and the FeS,~MoS, interface. The relatively small sulfur signal is due
to preferential sputtering of sulfur from the film. Sodium and carbon were also detected at the
pyrite surface. All other elements were below AES detection limits. C, H, O, Na, K, Al, Mg, Ca,
Si, and Cl were measured by SIMS (atomic concentrations plotted on the left axis). Raw ion
fluxes for the matrix elements S and Mo are shown with dashed traces (right axis). The dashed
red line is the pyrite bulk atomic density (7.5 X 1022 atoms cm™). b) Cross-sectional SEM image
of the sample. c) SIMS depth profile for a 500 nm thick pyrite film on a silicon substrate. All
impurity elements fell to their detection limits (DLs) with sputtering into the silicon substrate
(typical DLs: Na, K, Al, Mg, Ca: 1 x 10'% C: 5 x 10'7; O, H: 2 x 10'%; Si, Cl: 5 x 10'® atoms
cm™). A comparison of the two SIMS profiles can be used to deduce the origin of the various
impurities (see text). d) Rutherford backscattering spectrometry (RBS) profile of a 260 nm thick
annealed pyrite film on a glass substrate. According to the RBS modeling fit, the stoichiometry
of the film is FeS; 40+ 0.06-
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that individual marcasite grains are scattered
within the films. Sulfur annealing completely
eliminates all traces of marcasite in Raman
spectra and XRD patterns regardless of the ini-
tial marcasite content of the samples. Raman
spectra were acquired using long signal inte-
grations at relatively low laser irradiance (to
prevent oxidation) with two different laser
wavelengths (532 and 785 nm), and no mar-
casite was observed in the annealed films
using any combination of experimental con-
ditions. Raman maps of the annealed films
show only homogeneous pyrite signal with no
sign of marcasite or other phases (maps not
shown). On the basis of our Raman, XRD,
and initial magnetic characterization data, we
are confident that the annealed CVD films are
100% pure pyrite within the detection limits
of these three techniques.

AES and SIMS depth profiles were
employed to elucidate the bulk elemental
composition of the annealed pyrite films
with ppm-ppb sensitivity. Figure 4a shows
AES and SIMS profiles for a 450 nm thick
pyrite film on a Mo-coated glass substrate
(cross-sectional SEM image shown in Figure
4b). The AES atomic concentration profile
indicates that the sample can be described
as FeS,/MoS,/MoS,/Mo/MoO,/glass. AES
also detected (i) a small amount of iron dif-
fused into the MoS,/MoS, layers; (ii) a sub-
stantial amount of potassium at the surface
of the pyrite film and a smaller accumulation
of potassium at the pyrite-MoS, interface;
(iii) sodium and carbon only at the surface
of the pyrite film (Na trace not included in
Figure 4a). All other elements were below AES
detection limits (=0.1 at%). The SIMS profile
in Figure 4a shows the concentration of C, H,
O, Na, K, Al, Mg, Ca, Si, and Cl as a function
of depth into the film stack. These elements
were selected as likely impurities stemming
from either the CVD precursors/processing
(C, H, O, Al, Si, Mg, Ca, and Cl) or the glass
substrate (Na, K, Mg, Ca, and Si). Raw ion
counts for two matrix elements (S and Mo)
are also plotted to track position within the
film stack. The S and Mo traces corroborate

6  wileyonlinelibrary.com

position of this peak shows some sample-to-sample variability).
Films grown on Mo-coated glass substrates have 5-10 times
more marcasite (as evidenced by both XRD and Raman) and
usually show both the 385 cm™ and low-energy Raman bands
(Figure 3D). FeS, films grown on quartz substrates consist of up
to =85% marcasite (depending on film thickness, with thicker
films having more marcasite) and clearly show all four marca-
site Raman bands (Figure 3c). Two-dimensional Raman maps
of 250 nm thick, as-grown films on glass substrates acquired
at 2.5 um step size reveal that the marcasite impurity is distrib-
uted inhomogeneously in the samples (Figure 3d). It is likely

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the general structural features of the AES data. We find the
major contaminants in the pyrite film to be carbon (average of
=~0.4 at% in the FeS, layer), hydrogen (=0.25 at%), potassium
(=0.1 at%), sodium (=0.04 at%), oxygen (=0.04 at%), and silicon
(=0.03 at%), followed by Cl (150 ppm), Al (100 ppm), and Mg
and Ca (20 ppm), with estimated uncertainties of a factor of 2
to 3 for O, Na, K, Mg, and Ca, and a factor of 10 for C, H, Al,
Si, and Cl. More precise concentration values will require the
development of pyrite SIMS standards using high-purity syn-
thetic single crystals. There is also a small peak in the concen-
trations of all impurities at the pyrite—-MoS, interface.
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To determine the origin of the various impurities in the pyrite
film on Mo-coated glass, we compare the SIMS depth profile of
this film with similar SIMS data for a 500 nm thick annealed
film on an intrinsic silicon substrate (Figure 4c). Because the i-Si
substrate is extremely pure, even by SIMS standards, it cannot
be a source of any impurity other than Si itself. Indeed, the
concentrations of all impurities fell below their SIMS detection
limits after sputtering through the pyrite layer and several hun-
dred nanometers into the Si substrate (not shown in Figure 4c).
Of the elements monitored with SIMS, we find that only Na
and K are present in significantly higher concentrations in
the FeS, film on Mo-coated glass and have positive slopes to
their depth profiles, consistent with Na and K entering the
pyrite layer mainly via diffusion from the glass substrate. Alkali
leaching from glass is a well-known and often useful phenom-
enon in thin-film PV device fabrication.”] We find that all of
the other elements (C, H, O, Al, Ca, Mg, Si, and Cl) are present
at very similar concentrations in the pyrite layers of both sam-
ples, indicating that these impurities originate from the CVD
chemistry/processing rather than the substrate. C, H, and O
almost certainly come from the Fe(acac); and TBDS precur-
sors and, if so, may be an unavoidable legacy of the chemistry
used to make the films. In contrast, aluminum, calcium, and
magnesium are known impurities in our Fe(acac); (at 238 ppm,
31 ppm, and 1.5 ppm, respectively) and can probably be mini-
mized if necessary by using high-purity (99.999%) precursors.
Silicon may also be an impurity in the Fe(acac); but is not listed
as such in the certificate of analysis from the manufacturer.
The next most likely source of silicon is the quartzware used
in the CVD and annealing furnaces. Diffusion of silicon from
the substrate cannot be completely ruled out but is inconsistent
with the negative slopes of the Si depth profiles in both sam-
ples. The origin of the chlorine impurity is currently unknown.
We note in passing that the SIMS data do not reveal whether
these impurities are in the pyrite lattice or concentrated at the
surfaces and grain boundaries of the films. In addition, many
other elements are undoubtedly present in the pyrite layers
at concentrations that could affect the electronic properties of
these films. Future work will be directed at minimizing the load
of electronically active impurities as a prerequisite for achieving
rational control of the electronic characteristics of pyrite thin
films.

We used Rutherford backscattering spectrometry (RBS)
to determine the S:Fe ratio of a typical sulfur-annealed pyrite
film on a glass substrate (Figure 4d). While RBS is in prin-
ciple capable of determining the stoichiometry of thin films to
=1 at% accuracy (ideal case), our samples were too rough to
allow such high-precision quantification with RBS. A fit of the
data yields a stoichiometry of FeS, o + 06 (i-€., 3 at% uncer-
tainty) for this film.

XPS was used to determine the elemental composition of the
surface of the annealed pyrite films. Figure 5 presents Fe 2p, S
2p, Na 1s, O 1s, and C 1s spectra of representative pyrite films
on glass and Mo-coated glass substrates. Only these five ele-
ments were detected in XPS survey scans. The Fe and S spectra
of both films are consistent with nearly oxide-free FeS, surfaces.
Oxygen spectra show weak signatures of at least two oxygen
species on each film (binding energies of 531.4 and 533.3 eV on
glass, 532.2 and 534.8 eV on Mo-coated glass), which indicate
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Figure 5. Surface composition. XPS spectra of sulfur-annealed pyrite
films on glass and Mo-coated glass substrates. Samples were annealed
in elemental sulfur at 500 °C for 6 h or 2 h, respectively, and confirmed
to be pure pyrite within the sensitivity of XRD. Both films were exposed
to air for =1 min as they were introduced into the XPS chamber. Film
thicknesses: 250 nm.

the presence of small amount of oxidized iron and/or sulfur
that is not easily detected in Fe and S spectra. The slight sulfur
shoulder at 165.0 eV may result from elemental sulfur on
the film surface (ostensibly from the sulfur annealing). The
sodium detected on each film at 1072.4 eV is assigned to Na,S
or Na,0"4 and was readily removed by either brief argon sput-
tering or by rinsing with water,”>! suggesting that sodium is
present on rather than in the pyrite grains, which is typical of
alkali leaching from glass into polycrystalline chalcogenide thin
films.”%l A comprehensive discussion of the synchrotron-based
XPS characterization of these films will be published shortly.l””!

The optical absorption coefficient and bandgap of sulfur-
annealed pyrite films were determined from transmittance
and reflectance measurements using an integrating sphere
(Figure 6). The absorption coefficient () reaches a value of 5 x
10* cm™ at hv = 1.25 eV (o' = 200 nm) and >3 x 10° cm™ for
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Figure 6. Optical properties. (a) Transmittance, reflectance, and absorptance of a representa-
tive 150 nm thick pyrite film on a glass substrate measured by integrating sphere UV-vis
spectroscopy. (b) Calculated absorption coefficient o across the solar spectrum (0.5-3.5 eV).
o might be underestimated by up to 20% due to possible void spaces within the film. Inset is
a plot of (ahv)'/2 versus hv showing an estimated allowed indirect bandgap of 0.97 + 0.05 eV.

This sample was sulfur annealed at 500 °C for 2 h.

hv > 1.7 eV (or’! < 33 nm). The bandgap fits best as an allowed
indirect transition with E, = 0.97 £ 0.05 eV, in good agreement
with the most commonly cited bandgap value for pyrite (E, =
0.95 eV).'}l Any subgap optical absorption that may be present
is below the detection limit of our transmittance/reflectance
measurement (<500 cm™!) and will require a more sensitive
technique, such as photothermal deflection spectroscopy (PDS),
for accurate quantification.

The electrical properties of FeS, films on glass and quartz
substrates were assessed Dy variable-temperature Hall effect
measurements (90-300 K) in a van der Pauw geometry with
thermally deposited, ohmic silver contacts. The dark resistivity
of pure pyrite films was 1.5 £ 0.5 Q cm at room temperature and
30+ 5 Q cm at 90 K (red trace in Figure 7). We found no differ-
ence between pure pyrite films made on glass and quartz sub-
strates. Arrhenius plots of the resistivity were quasilinear with
a small activation energy of 28.8 + 1.8 meV (Figure 7, inset).
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 em? V! s7), which also prevented determination of the car-
rier type from the sign of the Hall voltage. However, qualitative
thermopower measurements always indicated that the films
were p-type. The fact that these general features—low resis-
tivity, 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 polycrystal-
line pyrite films is governed by surface/interface effects rather
than bulk properties (vide infra).

Surprisingly, we find the electrical properties of mixed-phase
pyrite/marcasite films to be nearly identical to the pure-phase
pyrite films. The room-temperature resistivity of the mixed-
phase (blue trace in Figure 7) films is only =5 times smaller,
while the activation energies differ by less than 10% from the
pure pyrite values (red trace in Figure 7). Furthermore, the
behavior of mixed-phase films on glass and quartz substrates is
indistinguishable. The insensitivity of FeS, electrical properties
to both bulk phase impurities and substrate-derived elemental

Energy /eV
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Q cm), high carrier concentration (10'8-102°
cm3), and low mobility (<2 cm? V7! s71)
regardless of the preparation method and
S:Fe stoichiometry.”>””! This is true of pur-
portedly sulfur-deficient!3>38°25563 and iron-
deficient!3>>1:52:55.65] films made by CVD, sput-
tering, 383 sulfurization of iron films, 343537
and molecular beam epitaxy.*’] In other
words, pyrite thin-film electrical properties
appear to be independent of S:Fe stoichiometry, which implies
that the native defects commonly expected to act as donors and
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Figure 7. Electrical resistivity of pure pyrite and mixed-phase FeS, films.
Resistivity as a function of temperature (90-300 K) for a representative
200 nm thick annealed film on a glass substrate (pure pyrite, red cir-
cles) and a 300 nm thick mixed-phase film on a quartz substrate (45%
marcasite, blue squares). Six annealed films and three mixed-phase films
were measured in the van der Pauw geometry with ohmic Ag contacts.
The room-temperature resistivity of pyrite films (on either glass or quartz
substrates) is 1.5 £ 0.5 Q cm, while that of mixed-phase films on quartz
is 0.30-0.35 Q cm. Inset is an Arrhenius plot of the data showing qua-
silinear behavior and very similar activation energies for the pyrite and
mixed-phase films (E, = 31 meV and 29 meV, respectively). These values
were very reproducible across samples prepared and measured on dif-
ferent days (E, = 28.8 + 1.8 meV for pyrite films and 26.8 + 1.1 meV for
mixed-phase films).
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Figure 8. Effect of Na on the phase composition of FeS, films. a) XRD patterns of films grown
on soda lime glass and Mo-coated glass substrates with and without a thermal pretreatment
prior to CVD growth. (b) XRD patterns of films grown on quartz and NaF-coated quartz sub-

a FeS, stoichiometry within the error of strates. In all cases, greater Na availability favors pyrite over marcasite.

the measurements. If pyrite is in fact a line

compound, as seems likely, then deviations

from S:Fe = 2.00 can probably be explained by sulfur-deficient
phase impurities or measurement errors in the case of sulfur
deficiency and by sulfur accumulation at grain boundaries in
the case of sulfur excess. We see no convincing link between
the reported S:Fe ratio and the electronic properties of pyrite
thin films. Only by intentional doping with donors such as
Cl, Br, or Co have n-type polycrystalline pyrite thin films been
made.[5657]

There are at least three credible explanations for the ubig-
uitous electrical behavior of nominally undoped pyrite thin
films: phase impurities, accidental oxygen doping, and surface
effects. First, pyrite samples may inevitably (due to thermody-
namic considerations) contain nanoscale inclusions of metallic,
sulfur-deficient phases. This idea, advocated recently by Yu
et al.,l'% seems at odds with the experimental evidence, partic-
ularly the very high external quantum efficiency of pyrite pho-
toelectrochemical’™ and Schottky!'®8U 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-doped, p-type
films. Sun et al.”%! has argued that pyrite synthesized in iron-
rich, oxidizing conditions may be contaminated with substitu-
tional oxygen (Og defects) at a concentration of =10* cm™ and
that Og impurities are p-type dopants. Concern over oxygen
is reasonable given the potential for oxygen incorporation in
pyrite films made by different methods. It is also consistent
with the substantial oxygen concentration [O(10'° cm~3)] meas-
ured in our films by SIMS (Figure 4). However, many pyrite
film syntheses utilize highly reducing, nearly oxygen-free
(ppm O,) conditions that would be expected to produce films
with very low bulk oxygen concentrations. Moreover, our own
density functional theory calculations show that Og is neither
an acceptor nor a donor in bulk pyrite. The viability of the
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Og hypothesis should be carefully evaluated in future experi-
mental studies.

Surface effects provide a third explanation for the universal
electrical behavior of nominally undoped pyrite films. As argued
by Tributsch and co-workersP? almost 20 years ago, the simi-
larity 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. Surface and
grain boundary effects commonly control the electrical proper-
ties of semiconductor thin films via surface nonstoichiometry,
oxidation, charge-transfer doping from adsorbed species, inter-
grain potential barriers to transport, surface accumulation/
inversion layers that make the surface region very different
from the bulk, and so on.[’283] Given the well-known lability of
pyrite surfaces,['”] it is reasonable to expect that surface com-
position and/or electronic effects are very important for pyrite
thin films and may be responsible for their measured electrical
properties. We are now using pyrite films made by CVD and
several solution-phase approaches to explore this premise en
route to fabricating pyrite solar cells.

We now turn to the influence of sodium and sulfur on the
growth and annealing of pyrite thin films. We find that the
presence of sodium in the substrate strongly favors the nuclea-
tion and growth of pyrite at the expense of marcasite. To illus-
trate this point, Figure 8 compares the XRD patterns of rep-
resentative as-grown FeS, films on soda lime glass substrates
(which contain =150 000 ppm Na,0) and quartz substrates
(=0.7 ppm Na)® using identical CVD growth conditions.
The film on glass (“glass” in Figure 8a) shows a much smaller
marcasite impurity (=5% by volume) than the film on quartz
(“quartz” in Figure 8b; =85% by volume). Sodium was detected
by XPS at the surface of the FeS, film on glass (see Figure 5).
Furthermore, while films grown on Mo-coated glass substrates
typically have a substantial marcasite impurity (=45%), the
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impurity is nearly eliminated (<4%) when the Mo substrates
are pre-annealed in argon (500 °C, 2 h) prior to CVD growth.
XPS shows that this thermal pretreatment brings sodium to the
surface of the Mo film, which appears to be responsible for pro-
moting pyrite and/or suppressing marcasite formation during
CVD growth. To obtain more direct evidence for the effect of
sodium, we grew FeS, films on quartz substrates coated with
~3 nm of NaF by thermal evaporation. As expected, the NaF-
coated quartz substrates yielded much purer pyrite films com-
pared to quartz substrates without a NaF coating (=17% and
=85% marcasite, respectively; Figure 8b). We conclude that
sodium leaching from Na-containing substrates is a useful way
to reduce the marcasite content of as-grown FeS, films and to
decrease the temperature and time needed to eliminate any
residual marcasite via sulfur annealing. However, preheating
and NaF seeding cause the surface roughness of the pyrite
films to markedly increase compared to as-grown films. Only
when sodium is introduced naturally via diffusion from the
glass substrate is the root mean square (rms) surface rough-
ness <10% of the film thickness. Exactly how sodium encour-
ages pyrite growth, as well as the possible impact of sodium
on the electronic properties of pyrite films, are important topics
for future studies.

As shown above, a rigorously complete conversion of mar-
casite to pyrite can be achieved by annealing mixed-phase FeS,
films at relatively high temperatures (>500 °C) and sulfur partial
pressures. We observed appreciable marcasite-to-pyrite phase
conversion only when annealing at >450 °C, in agreement with
past studies® and consistent with the alleged metastability of
marcasite.®>) Annealing above 600 °C in sulfur ambient results
in excessive grain growth, surface roughening, and pinhole
formation, rendering the films unsuitable for electrical and
device studies, so we focused on 500-550 °C annealing treat-
ments. We found that the rate and extent of phase conversion
depends on the sulfur partial pressure in addition to the tem-
perature, which is surprising since marcasite and pyrite have
the same stoichiometry (FeS,) and thus there is no simple
reason why a sulfur overpressure should favor one phase over
the other. Figure 9 shows XRD scans of the marcasite {120}
and pyrite {211} peaks of five identical, 450 nm thick, mixed-
phase FeS, films annealed at 550 °C for 2 h in various pres-
sures of elemental sulfur vapor. The data clearly illustrate a
systematically larger pyrite peak and smaller marcasite peak
with higher sulfur pressures. While we show just two reflec-
tions in Figure 9, all of the peaks in wide-angle XRD patterns
followed the same trend, confirming that a higher sulfur pres-
sure induces marcasite-to-pyrite phase conversion rather than
merely changes in film texturing. However, as with excessively
high temperatures, excessively high sulfur pressures cause
undesirable changes to the film morphology (runaway grain
growth, pinholes, dewetting, etc.), so we anneal our CVD films
at 500-550 °C in moderate amounts of sulfur using fairly long
times (2-8 h). We note that annealing in 1 atm of pure H,S at
temperatures up to 450 °C fails to convert marcasite to pyrite at
an appreciable rate, while H,S annealing above 450 °C results
in sulfur evaporation and the appearance of pyrrhotite (Fe;_,S)
phases. Annealing above 400 °C in the absence of any source of
sulfur (e.g., in pure argon) creates pyrrhotite and other sulfur-
deficient compounds.
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Figure 9. Effect of sulfur partial pressure on the marcasite-to-pyrite phase
conversion during annealing. XRD scans (20 = 38.0-41.5°, showing the
marcasite 120 and pyrite 211 reflections) of five identical mixed-phase
FeS, films on quartz substrates annealed at 550 °C for 2 h in various pres-
sures of sulfur vapor. Marcasite conversion to pyrite is more rapid and
complete at larger sulfur partial pressures. (M = marcasite; P = pyrite.)
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3. Conclusion

Phase-pure, polycrystalline iron pyrite thin films were deposited
on glass, Mo-coated glass, and other substrates by atmospheric-
pressure CVD of Fe(acac); and tert-butyl disulfide at 300 °C fol-
lowed by sulfur annealing at 500-550 °C, to fully convert marca-
site phase impurities to pyrite. Pyrite is favored over marcasite
by the presence of sodium in the substrate and by higher sulfur
vapor pressures during annealing. Systematic XRD and Raman
measurements and initial magnetic susceptibility results estab-
lish that the annealed films are completely pure pyrite. The
films consist of large, densely packed pyrite grains and are uni-
form in thickness (£5%), fairly smooth (rms roughness of the
order of 10% of the film thickness), free of cracks and through-
film pinholes, and mechanically adherent and robust. The films
have an indirect optical bandgap of 0.97 £ 0.05 eV. Their optical
absorption coefficients are 5 X 10* cm™ at hv = 1.25 eV and > 3
x 10° cm™ for hv > 1.7 eV. Annealed films on Mo-coated glass
substrates can be described as FeS,/MoS,/MoS,/Mo/MoO,/
glass stacks. SIMS shows that the total impurity load in the
pyrite layers of these films is =1 at%, with all elements apart
from Na and K originating from the CVD chemistry/processing
rather than the substrate. The use of higher-purity precursors
and alkali blocking layers under the Mo films is a promising
route to lowering the concentrations of all impurities other than
C, H, and O (which may be intrinsic to the CVD chemistry).
However, in-plane electrical properties of the films are quite
insensitive to phase and elemental purity: regardless of the
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presence of marcasite or the use of glass versus quartz as the
substrate, all films show p-type, thermally activated transport
with a small activation energy (=30 meV), a room-temperature
resistivity of =1 Q c¢m, and a hole mobility that is too small to
measure by the Hall effect. This ubiquitous electrical behavior
strongly implies that surface effects dominate in-plane charge
transport in polycrystalline FeS, films, but transport proper-
ties along the substrate normal may be very different because
of the absence of grain boundaries in this direction. The CVD
pyrite films described here will serve as an excellent platform
for learning how to control the electrical properties of thin-film
pyrite and for fabricating high-quality p—n heterojunctions for
efficient thin-film pyrite solar cells.
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Supporting Information is available from the Wiley Online Library or
from the author.
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