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I
ron pyrite (cubic FeS2), commonly
known as “fool's gold”, is an inexpensive
and earth-abundant semiconductor ma-

terial with the potential to satisfy the annual
worldwide energy demand.1,2 Its indirect band
gap of 0.95 eV and high absorption coefficient
of R = 6� 105 cm�1 (for hν > 1.3 eV)1,3 make
pyrite an attractive thin-layer absorber for
photovoltaic and photoelectrochemical appli-
cations. Single-crystal n-type pyrite has been
reported to have a high electron carrier mobi-
lity of 360 cm2 V�1 s�1 and an estimated
minority carrier diffusion length of 0.1�
1 μm.4 In liquid junction photoelectrochemical
(PEC) solar cells, n-type single-crystal pyrite
has demonstrated photocurrents as high as
42 mA cm�2 and an excellent stability attrib-
uted to carrier excitation occurring only within
nonbonding orbitals (from the metal dt2g
to deg).

5 Despite its attractive properties, the
best solar conversionefficiency reported for any

pyrite-based solar devices has remainedbelow
3%, which was achieved with a single-crystal
pyrite PEC solar cell.1,6 Such low efficiencies
are the result of the low open circuit voltage
(e200 mV) and low fill factor (∼50%) attri-
butedmainly tohigh recombination losses and
Fermi level pinning arising from a high density
of surface defects states.5�8 Additionally, bulk
defects, believed to originate from sulfur va-
cancies, contribute tomore severe recombina-
tion losses even in single crystals.9,10 Except for
the successful solar devices using high-quality
pyrite single crystals reported in the late 1980s
and early 1990s,1,5,6 working solar devices
based on nanostructure or polycrystalline pyr-
ite thin films with detectable photovoltage
have not yet been demonstrated despite in-
tenseefforts. Pyrite thinfilmshavebeengrown
using a variety of methods such as metal�
organic chemical vapor deposition,11,12 atmo-
spheric pressure chemical vapor deposition,13
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ABSTRACT We report the growth, structural, and electrical

characterization of single-crystalline iron pyrite (FeS2) nanorods,

nanobelts, and nanoplates synthesized via sulfidation reaction with

iron dichloride (FeCl2) and iron dibromide (FeBr2). The as-synthesized

products were confirmed to be single-crystal phase pure cubic iron

pyrite using powder X-ray diffraction, Raman spectroscopy, and

transmission electron microscopy. An intermediate reaction temperature of 425 �C or a high sulfur vapor pressure under high temperatures was found to be
critical for the formation of phase pure pyrite. Field effect transport measurements showed that these pyrite nanostructures appear to behave as a

moderately p-doped semiconductor with an average resistivity of 2.19( 1.21Ω 3 cm, an improved hole mobility of 0.2 cm
2 V�1 s�1, and a lower carrier

concentration on the order of 1018�1019 cm�3 compared with previous reported pyrite nanowires. Temperature-dependent electrical transport

measurements reveal Mott variable range hopping transport in the temperature range 40�220 K and transport via thermal activation of carriers with an

activation energy of 100 meV above room temperature (300�400 K). Most importantly, the transport properties of the pyrite nanodevices do not change if

highly pure (99.999%) precursors are utilized, suggesting that the electrical transport is dominated by intrinsic defects in pyrite. These single-crystal pyrite

nanostructures are nice platforms to further study the carrier conduction mechanisms, semiconductor defect physics, and surface properties in depth,

toward improving the physical properties of pyrite for efficient solar energy conversion.

KEYWORDS: iron pyrite . nanostructure . solar energy conversion . semiconductor transport . photovoltaics . photoelectrochemistry
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thermal sulfidation of iron,14�16 and sulfidation of
Fe2O3 (hematite).17,18 Moreover, recent renewed ef-
forts have aggressively targeted the colloidal synthesis
of pyrite nanocrystals as a cost-effective alternative to
fabricating thin films.19�22 Regardless of the synthetic
methods, nanocrystalline and polycrystalline pyrite
materials appear to consistently exhibit high concen-
trations of holes as majority carriers (and likely low
carrier mobilities) and a lack of photovoltage and thus
photoconversion efficiencies.18,20,23,24 Clearly the see-
mingly simple pyrite material is a very complex semi-
conductor that needs to be better understood, and
evidence suggests that it is riddled with various in-
trinsic defects. Acquiring high-quality crystalline pyrite
and a comprehensive understanding of the defects
and how they limit the semiconductor properties and
solar performance will be essential for the develop-
ment of pyrite as an efficient solar material.
Single-crystal one-dimensional (1D) pyrite nanowires

(NWs) were recently proposed as an attractive platform
to study the properties of pyrite relevant to solar energy
conversion25 and to further investigate important ma-
terial challenges such as surface state passivation. Suc-
cessful studies of nanowires (or microwires) made of
conventional semiconductors such as Si,26�33 CdTe,34

and CdS/Cu2S
35 for solar devices suggest that 1D pyrite

nanostructures could have various unique properties of
the 1D morphology over planar geometries for solar
applications.32,36 These examples also clearly illustrate
that high-quality nanoscale 1Dbuildingblocks can allow
the fundamental investigation of intrinsic semiconduc-
tor properties, surface and interfaces, and heterojunction
formation to overcome the bottlenecks for solar energy
conversion.27 Despite these potential advantages, the
growth of single-crystalline 1D pyrite nanostructures that
are convenient for electrical device investigations remains
relatively unexplored.25

Herein, we report a synthetic approach for single-
crystal and phase pure pyrite nanorods (NRs), nano-
belts (NBs), and nanoplates via thermal sulfidation
reactions with iron dichloride (FeCl2) and iron dibro-
mide (FeBr2) and a detailed characterization of struc-
tures and electrical transport properties. The phase
purity of the reported pyrite nanostructures is con-
firmed using various structural characterization meth-
ods. Furthermore, the size and geometry of these
single-crystal pyrite nanostructures enable the investi-
gation of the properties and intrinsic defects of pyrite
semiconductor. The field-effect semiconductor transport
measurements show that the as-synthesized pyrite be-
haves analogously to a moderately doped p-type semi-
conductor, but with higher mobilities than previous
reported pyrite nanostructures. More importantly, tem-
perature-dependent electrical measurements revealed
the carrier transport in pyrite to be dominated by
localized defect states via the Mott variable range hop-
ping mechanism at low temperature.

RESULTS AND DISCUSSION

Synthesis of Pyrite (FeS2) NRs, NBs, and Nanoplates. We
achieved the synthesis of iron pyrite NRs, NBs, and
nanoplates (Figure 1a�d) by heating dehydrated FeCl2
or FeBr2 precursor powder at 425 �C under a flowing
sulfur atmosphere. Sulfur powder was evaporated up-
stream from an alumina boat, carried downstream by
an argon flow, and reacted with the FeCl2 or FeBr2
precursor on an alumina or borosilicate substrate in the
hot zone of the tube furnace. Square-faceted NRs
(Figure 1a) were obtained as the predominant product
on the substrates when FeCl2 was utilized as the
precursor and the sulfur boat was at a temperature of
415 �C, yielding an equilibrium Sx vapor pressure of
∼300 Torr, and under an Ar flow rate of 100 sccm. A
representative overview SEM image of the as-synthe-
sized product (Figure 1e) shows that NR growth took
place at the surface of the precursor grains. However,
the high Ar flow rate employed led to a fast depletion
of sulfur precursor and an incomplete reaction of the
FeCl2 precursor. As an alternative, we studied the low
Ar flow rate regime and observed optimal growth at a
Ar flow rate of 25 sccm and with the sulfur boat at a
temperature of 240 �C, which yields ∼8 Torr equilibri-
um Sx vapor pressure. Under this reaction conditions,
an interesting dependence of the productmorphology
on the substrate height was observed. For example, on
1 mm thick alumina or borosilicate substrates, micro-
rod growth was observed on the precursor powder
(Figure 1f). On the other hand, when 4 mm thick
substrates were utilized, NR, NB, and microrod growth
were observed on the substrate surface underneath

Figure 1. Representative SEM images of as-synthesized iron
pyrite nanostructures grown at a reactor temperature of
425 �C. Representative examples of (a, b) NR, (c) NB, and (d)
nanoplate and overview images (e�h): (e) pyrite NRs ob-
tained using FeCl2 as precursor under an argon flow rate of
100 sccm; (f) pyrite microrod product obtained under a
lower flow rate of 25 sccm on a 1 mm thick borosilicate
substrate; (g) pyrite NBs and nanoplates are the predomi-
nant morphologies on the alumina substrate surface when
FeBr2 is used as the precursor; (h) when FeCl2 precursor is
evenly spread on a 4 mm thick alumina substrate, pyrite NR
growth is observed on its surface.
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the precursor powder (Figure 1h). Consequently, in
order to obtain growth across the 4 mm thick sub-
strate, the precursor powder was evenly spread onto
the substrates and subsequently removed after reac-
tion by blowing a stream of N2 gas and gentle rinsing
with 2-propanol. Unless otherwise noted, the pyrite
NRs and NBs from this particular FeCl2 reaction were
the focus of the structural characterization and elec-
trical transport measurements discussed later.

Pyrite NRs, NBs, and nanoplates can also be grown
through a localized gas phase reaction when FeBr2 is
utilized as the iron precursor.When the FeBr2 precursor
was located at the center of a substrate, deposition of
pyrite NBs, nanoplates, and NRs on the uncovered
areas of the substrate could be observed (Figure 1g)
at a sulfur boat temperature of 400 �C (∼270 Torr
equilibrium Sx vapor pressure) and an Ar flow rate of 50
sccm. Under this reaction condition the NB and nano-
plate morphologies were more predominant than in
the FeCl2 reaction. When the sulfur vapor pressure was
lowered, little deposition elsewhere was observed,
although cubic pyrite crystals were grown on the sur-
face of the precursor. When the Ar flow rate was
increased, an enhancement in NR and NB growth
was observed, but the fast depletion of the sulfur
affected the crystallinity of the products.

Through systematic studies of the sulfur boat tem-
perature, Ar flow rate, and different reactor tempera-
tures we found that the intermediate reaction tempera-
ture of 425 �C and suitable sulfur supersaturation,
especially a high sulfur vapor pressure under high
temperature (as discussed more later), are important
for the formation of pyrite nanostructures. The growth
of pyrite NRs and NBs is influenced by the local sulfur
supersaturation, which is controlled by the sulfur pre-
cursor boat temperature (position) and Ar flow rate.
The Ar flow rate when the sulfur boat is at high
temperature or the sulfur boat position under low Ar
flow rates causes more dramatic changes. It is impor-
tant to note that under low flow rate mass transport of
gaseous species is affected more by thermal diffusion
rather than conventional flow. Thermal diffusion trans-
port leads to a concentration gradient within the reactor
that could explain the substrate height dependency ob-
served (Figure 1f, h). Extensive research has shown that
growth of catalyst-free 1D structures can occur under low
supersaturation conditions due to the dominant defect-
driven anisotropic crystal growth.37�40 The conditions
needed for generating defective seeds to initiate 1D
growth could also allow other crystal growthmodes,38�40

evident in our experiment by the nanoplate, nanocube,
and microcube morphologies also observed. However,
the variations in morphology are not an issue for using
these nanostructures as platforms and building blocks for
fundamental studies as demonstrated later in this work.

Structural Characterization of the Pyrite Nanostructures.
The phase identity of the as-synthesized products on

borosilicate substrate using both FeCl2 and FeBr2 pre-
cursors was determined using powder X-ray diffraction
(PXRD) (Figure 2a). All peaks in the PXRD can be
indexed exclusively to iron pyrite (cubic FeS2, JCPDS
#65-3321; space group Pa3, a = 5.419 Å). It should be
noted that it is important to calculate the lattice
constant from the PXRD, because it has been pre-
viously reported that the lattice constant of synthetic
pyrite can vary from 5.428 to 5.407 Å, which is attrib-
uted to sulfur vacancies in pyrite (up to 13%, FeS1.74)
grown at high sulfidation temperatures (g450 �C) or
prolonged annealing times, causing up to 1% lattice
compression.41,42 The average lattice constant of the
as-synthesized pyrite products herein was found to be
5.424 Å, in agreement with stoichiometric pyrite.

Furthermore, we used confocal micro-Raman spec-
troscopy to confirm the phase purity of individual
pyrite objects with different morphologies. Raman
spectroscopy has been found to be a more sensitive
technique to differentiate the marcasite FeS2 impurity
in pyrite samples and effectively used to ascertain
phase purity.13,25 The Raman spectrum for amicrocrys-
tal (Figure 3b top trace) shows three peaks, at 342, 379,
and 433 cm�1. These peaks are the characteristic active
modes for bulk pyrite corresponding to the S2 libration
(Eg), S�S in-phase stretch (Ag), and coupled libration
and stretch (triply degenerate, specifically Tg(3)) modes,
respectively.43,44 Additionally, the weak Tg(1) mode can

Figure 2. Structural characterization of the as-synthesized
pyrite products. (a) PXRD taken on as-synthesized products
made from FeCl2 and FeBr2 precursors on borosilicate
substrates, in comparison to the reference diffraction pat-
tern for pyrite (JCPDS #65-3321). (b) Confocal micro-Raman
spectroscopy for different pyrite morphologies on borosi-
licate substrates using a 532 nm laser.
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be observed as a small shoulder peak at 350 cm�1. No
peaks corresponding to the marcasite polymorph are
observed. Interestingly, even though the Raman peaks
for other structures still generallymatch those of pyrite,
a systematic red-shift of these peaks is observed for the
microrod, NR, and NB morphologies. For example, an
observed NB shows values of 338, 373, and 427 cm�1,
respectively. We attribute the observed red-shift to
sample heating due to laser irradiation, since a shift
to higher energies and oxidation of the nanostructures
were observed when the laser intensity was not atte-
nuated. Additionally we found that this red-shift be-
comes more pronounced as the dimensions of the
probed nanostructures become smaller (Figure 2b).
Interestingly, a more evident peak shift for the Ag

mode in comparison to the Eg mode is observed. The
Ag phononmode involves purely the vibration of the S2
dumbbell; consequently, faster softening of this pho-
non mode perhaps reflects the weaker bond strength
for S�S in comparison to Fe�S.

The single-crystal phase of the pyrite NRs and NBs
was further confirmed by transmission electron micro-
scopy (TEM), electron diffraction (ED), and fast Fourier
transform (FFT) analysis. Representative TEM images
(Figure 3a, c) of single-crystal NRs oriented along the
[100] and [110] zone axes (ZAs) were indexed to cubic
iron pyrite (space group Pa3, a = 5.419 Å) using their
corresponding ED patterns (Figure 3b, d). Further
evidence of the single-crystal iron pyrite phase was
obtained from HRTEM (Figure 3e) by indexing the
corresponding FFT to the [111] ZA pattern. The ob-
servation of the [110] and [111] ZA patterns provides
convincing evidence to differentiate cubic pyrite from its
orthorhombic polymorph marcasite, as we previously
demonstrated for pyrite nanowires.25 Note some double
diffraction spots were observed due to the rather large
thickness of these pyrite nanostructures. All pyrite NRs
and NBs analyzed exhibited the same Æ001æ axial growth
direction (Figure 3e) based on indexed ED patterns and
high-resolution images. These square-faceted NRs, NBs,
and nanoplates offer the unique advantage of having
only the {100} exposed facets, which is the most stable
surface for pyrite.45�47

Interestingly, planar defects were often observed
along the axial length of NR and NB (Figure 3f) when
viewed along the Æ010æ ZA. The observed planar
defects, which are not always at the center, were
identified using HRTEM images as stacking faults in a
single faulted region or asmultiple faults (Figure 3g, h).
Axial stacking faults have been observed in pyrite
crystals and NWs along a [100] pyrite projection, and
the displacement vector has been characterized to be
R = 0.115[001].25,48 Notably, no dangling bonds are to
be expected in such stacking faults; instead the ar-
rangement of atoms due to the displacement vector
results in a unit cell that resembles marcasite
(monolayer or lamella marcasite). A previous report

suggests that such stacking fault defects are not
expected to be detrimental for photovoltaics or to
induce deep energy levels in various materials.49

Thermal Stability and Formation Window of Iron Pyrite. We
also investigated the reactions at the high reaction
temperature regime of 500�600 �C in an attempt to
enhance the vapor pressure of the FeCl2 and FeBr2

Figure 3. TEM characterization of pyrite NRs and NBs. (a�d)
TEM and the corresponding electron diffraction patterns for
a pyriteNB oriented along the [100] (a, b) and aNR along the
[110] ZA (c, d). (e) HRTEMand the corresponding fast Fourier
transform (FFT) (inset) of a pyrite NR oriented along the
[111] ZA. Note some extra diffraction spots at high angle
come from a nearby object. (f) TEM image of a pyrite NB
displaying axial planar defect contrast. (g) HRTEM image
and the correspondingFFTof the tip of a singleNR along the
[010] ZA. (h) Image from selected area in (g) after Fourier
filtered using the (002) diffraction spots highlighting the
axial stacking faults.

Figure 4. SEM images of the iron sulfide products at a
reaction temperature of 500 �C. (a) SEM image of the
pyrrhotite NW product obtained when the sulfur boat was
at a temperature of 200 �C (which yields∼2 Torr equilibrium
Sx vapor pressure); (b) pyrite rod product obtained when
the sulfur boat was at a temperature of 415 �C (which yields
340 Torr equilibrium Sx vapor pressure); (c) HRTEM image
and the corresponding FFT along the [100] ZA of pyrrhotite,
for a representative NW from (a); (d) TEM image and the
corresponding EDs along the [100] and [102] ZA of pyrite,
for a representative rod from (b).
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precursors. We found that as the reaction temperature
increases, the sulfur vapor pressure required to obtain
phase pure iron pyrite increases. For example, when
the reaction was carried out at 500 �C and under a low
sulfur vapor pressure of ∼2 Torr (based on the equi-
librium Sx vapor pressure for a sulfur boat temperature
of 200 �C), pyrrhotite NWs were produced (Figure 4a).
As shown in Figure 4c, the crystal phase of these NWs
was determine using HRTEM and FFT to be trigonal
Fe7S8 (or∼Fe0.877S, space group P3121, a = 6.966 Å, c =
17.088 Å), one of the pyrrhotite phases (Fe1‑xS) that
have a defective nickel arsenide structure type. This
phase identification is consistentwith a previous report
of trigonal Fe7S8 NWs that have been synthesized
under similar growth conditions.50 On the other hand,
at a high sulfur vapor pressure of∼340 Torr (sulfur boat
at a temperature of 415 �C), square-faceted microcrys-
tals, microrods, and a few NRs can be observed at the
precursor source (Figure 4b). The ED pattern of a NR
from this reaction was indexed to the [100] ZA and by
tilting the same structure to the [102] ZA of pyrite
(Figure 4d�f), as an example of the phase identifica-
tion. However, in addition to the observed pyrite
products we also observed pyrrhotite nanostructures
as a deposition product elsewhere on the substrate.

This dependency on sulfur vapor pressure at higher
temperature is not unexpected because pyrite is
known to decompose to pyrrhotite based on thermo-
dynamics data (see Supporting Information) and ex-
perimental observation using thermogravimetrical
analysis.51 The formation of iron pyrite from FeBr2 (as
the example) and its decomposition to pyrrhotite
(using the specific Fe7S8 phase as an example) proceed
through the following reactions:

FeBr2(g)þ S2(g) ¼ FeS2(s)þ Br2(g) (1)

7=8 FeS2(s) ¼ 1=8 Fe7S8(s)þ 3=8 S2(g) (2)

The standard Gibbs free energy (ΔGf) for the for-
mation of iron pyrite (eq 1) is estimated to increase
from �43.3 kJ/mol at 425 �C to �24 kJ/mol at 500 �C
(see Supporting Information for details). In compari-
son, the decomposition to pyrrhotite (eq 2) is predicted
to be spontaneous at T g 620 �C, and the standard
Gibbs free energy for this reaction decreases from
37.3 kJ/mol at 425 �C to 20.5 kJ/mol at 500 �C. Note
that these standardGibbs free energy values are for the
standard conditions with the gaseous species at 1 bar
pressure,which is not the case for our reactions. But these
estimates predict the trends, and furthermore, the de-
composition in eq 2will be evenmore favorable because
of the gaseous sulfur product with lower pressure. There-
fore, as a guideline high temperature (>425 �C) is not
conducive to the formation of pure pyrite due to its
decomposition, and high sulfur vapor pressure plays an
important role in suppressing decomposition and stabi-
lizing the formation of iron pyrite.

Field Effect Measurements of Single NR and NB Devices. We
characterized the semiconducting properties of the as-
grown pyrite NRs, NBs, and nanoplates using four-
probe devices that were fabricated using standard
e-beam lithography techniques and e-beam deposi-
tion of Ti/Au contacts. Figure 5a shows a typical two-
probe and four-probe electricalmeasurementof a single
pyrite NR device. Linear current (Isd) versus voltage (Vsd)
behavior at room temperature indicates ohmic contact.
Through four-probe measurement (blue solid line in
Figure 5a), a resistivity (F) of 4.25Ω 3 cm was calculated
for the pyrite NR using the dimensions measured
through SEM imaging (inset of Figure 5a). The measure-
ment of 10 four-probe NR and NB devices yielded an
average resistivity of 2.19 ( 1.21Ω 3 cm.

We investigated the field effect of the semiconduct-
ing pyrite using field effect transistors (FETs) fabricated
with single crystal pyrite NRs, NBs, and nanoplates that
are gated with a solid electrolyte consisting of a
mixture of polyethylene oxide (PEO) and KClO4

52,53

(Figure 5b, inset) or a back gate through a 600 nm
dielectric SiO2 layer on a degenerately doped silicon
substrate (Figure 5c, inset). Figure 5b shows the typical
electrolyte gating effect for a single pyrite NB device.
The plot of Isd versus Vg at Vsd = 0.1 V yielded a negative
transconductance of 0.083 μA/V, suggestive of holes as
the majority carriers. The field effect mobility (μ) and
carrier concentration (N) can be estimated by μ =
gmL

2/(VsdCg) and N = 1/Feμ (e is electron charge). Here,
Cg is double layer capacitance of electrolyte surround-
ing gate. Taking account of all the NB facets sur-
rounded by electrolyte, we expressed it as Cg =
εε0(2d þ w) L/λD (see Supporting Information for
details), where ε is the dielectric constant of PEO
(∼10), ε0 is the vacuum permittivity, λD ≈ 1 nm54 is
the Debye length of the electrolyte, d = 320 nm is the
thickness, w = 1 μm is the width of the pyrite NB, and
L = 2.74 μm is the NB device channel length. The gate
capacitance was calculated to be Cg = 3.98 � 10�13 F,
yielding a mobility μ = 0.150 cm2 V�1 s�1 and a carrier
concentration N = 1.3 � 1019 cm�3 at VPEO = 0 V.

The mobility and carrier concentration for this NB
FET device were found to be in good agreement with
the less effective back gatemeasurements on the same
device (Figure 5c), from which μ = 0.238 cm2 V�1 s�1

and n = 6.1 � 1018 cm�3 can be calculated. Hence,
through electrolyte gating FET measurements of at least
10 single NR, NB, and nanoplate (see Figure S1 in the
Supporting Information) FET devices and corroboration
whenever possible with back gating FET, we consistently
obtained mobility close to 0.1�0.2 cm2 V�1 s�1 and
carrier concentration on the order of 1018�1019 cm�3

for our current pyrite devices whose smallest dimensions
are about several hundred nanometers. This mobility is 1
order of magnitude larger than that previously reported
for pyrite NWs, and the carrier concentration is 2�3
orders of magnitude lower.25 We also investigated the

A
RTIC

LE



CABÁN-ACEVEDO ET AL . VOL. 7 ’ NO. 2 ’ 1731–1739 ’ 2013

www.acsnano.org

1736

FET behavior of pyrite NRs and NBs synthesized using
high-purity FeBr2 (99.999%) and sulfur powder (99.999%).
Interestingly we found no significant difference in mo-
bility or carrier concentration, strongly suggesting that
dopant species originate from intrinsic defects in iron
pyrite. In the case where surface defect states are
responsible for the acceptor species, the observed high-
er carrier concentration for the previously reported thin
pyrite NWs might be caused by an increase in specific
surface area, considering the 2 orders of magnitude
difference in diameter (or thickness) with the larger
pyrite nanostructures reported herein.

Mechanisms of Electrical Transport in Pyrite Revealed by
Temperature-Dependent Transport Study. We further inves-
tigated the electrical transport mechanisms in single-
crystal pyrite through temperature dependence of the
four-probe conductivity. The devices were fabricated
with pyrite NRs, NBs, and nanoplates synthesized using
high-purity precursors. Figure 6a shows the tempera-
ture dependence of conductivity for a representative
NRdevice, plottedas ln(σ) versus T�1/4.We founda linear
relation in this plot in the temperature range∼40�220 K,
which indicates that the conductivity as a function of
temperature follows the relation predicted by theMott
variable range hopping (VRH) mechanism:54

σ ¼ σ0 exp[ �(T0=T)]1=4 (3)

where σ0 is a prefactor and T0 is the characteristic
temperature, also known as theMott VRH temperature.
The exact temperature dependence of the prefactor
(σ0) is determined by the assumption made about the
electron�phonon interaction during hopping.55 It is
most commonly assumed to be weakly temperature
dependent; therefore as an approximation we assume
that σ � exp[�(T0/T)]

1/4. Therefore, we plotted ln(σ)
versus T�1/4 in Figure 6a for a representative pyrite NR
device and performed a linear fitting in the temperature
range 40�220 K, from which the characteristic Mott
temperature (T0) is calculated to be 6.9 � 105 K. We also
studied the temperature-dependent transport properties
of pyrite nanoplates, which behave similarly to pyrite NRs
andNB (Figure S2 in the Supporting Information). Further-
more,MottVRHtransport in the sametemperature regime

(∼40�220 K) has been previously observed for pyrite
polycrystalline thin films.56,57

Mott VRH is a conduction mechanism describing the
hopping among localized states in a strongly disordered
system.55,58 In crystalline semiconductors, the disorder
induced due to the random potential distribution of
impurities or defect states, known as Anderson localiza-
tion, is the cause of localization of charge carriers.55,58 The
upper temperature limit in which the Mott VRH transport
can operate is determined by half of the Debye tempera-
ture (TeθD/2),which is approximatelyTe300K forpyrite,
with a reportedθD of 610 K.

56,59 The persistence of VRHup
to 220 K suggests single-crystalline pyrite is a defect-rich
system.Moreover, the fact that the 3D hoppingmodel fits
for morphological 1D or 2D pyrite nanostructures (NRs,
NBs, and nanoplates) suggests that the localization length
is smaller than the size of pyrite nanostructures.

Figure 5. (a) I�V curve for a two-probe (red) and four-probe (blue) measurement of a single pyrite NR device (inset shows an
SEM image of a typical device). (b) Isd versus PEO Vg plot at Vsd = 0.1 V for a pyrite NB FET using an electrolyte gate
configuration (inset). (c) Isd versus Vg at Vsd = 0.1 V for the same pyrite NB FET using a back gate configuration (inset). This NB
device is 2.74 μm long, 1.00 μm wide, and 320 nm thick.

Figure 6. Conductivity (σ) of a representative pyrite NR as a
function of temperature. (a) ln(σ) versus T�1/4; (b) ln(σ)
versus 1/T for the high-temperature range of 300�400 K.
A current of 0.05 μA was applied to this 1.406 μm (L) �
511 nm (w) � 455 nm (h) NR four-probe device.
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At temperatures higher than 220 K, a transition
region was observed, followed by a change of slope
in the temperature range 300�400 K. In this regime,we
found the conductivity as a function of temperature
follows the behavior governed by the thermal activa-
tion of carriers:54

σ ¼ σ1 exp[ �(ε1=kBT)] (4)

where σ1 is a temperature-independent prefactor and ε1
corresponds to the thermal activation energy. Figure 6b
shows the conductivity in the range 300�400 K for the
sameNRdevice, nowplotted as ln(σ) versus 1/T. From the
linear fitting the activation energy was estimated to be
100 meV, indicating a defect or impurity band located
200 meV above the valence band or below the conduc-
tion band. On the basis of the observed FET behavior, it
could be localized acceptor-like states located 200 meV
from the valence band. Notably both the FET measure-
ments and the temperature-dependent transport mea-
surements do not depend on whether high-purity
(99.999%) or low-purity (98�99%) precursors (FeCl2 or
FeBr2 and S) are used for the synthesis of the pyrite
nanostructures. TheMott VRH transport canbe causedby
either extrinsic dopant impurities or intrinsic defects in
crystalline semiconductors. However, the fact that the
Mott VRH is observed for single-crystal (as opposed to
polycrystalline) pyrite structures regardless of the sample
purity, coupledwith the FET transport behavior observed,
suggests that the electrical transport is dominated by
intrinsic defects in crystalline pyrite.

CONCLUSION

In conclusion, we demonstrated the first reported
synthesis of single-crystalline iron pyrite nanorods,
nanobelts, and nanoplate synthesized via a sulfidation

reaction with FeCl2 and FeBr2. The crystalline phase of
these nanostructures was confirmed to be cubic iron
pyrite by TEM analysis, and the phase purity of the as-
synthesized products was verified by PXRD and Raman
spectroscopy. Field effect transport measurements re-
vealed that the pyrite samples appear to behave like a
moderately doped p-type semiconductor with a reduced
carrier concentrationandahighermobilityoverpreviously
reported pyrite NWs. Temperature-dependent transport
measurements revealed thatMott variable rangehopping
is the dominant transport mechanism in the temperature
regime ∼40�220 K, while in the temperature regime of
approximately 300�400 K, thermal activation of carriers
with an activation energy of 100 meV was found. Most
importantly, we found that the FET and temperature-
dependent transport properties are independent of pre-
cursor purity. These observations suggest that the trans-
port properties of single-crystal pyrite nanostrutures are
dominated by intrinsic defects rather than extrinsic impu-
rities. Further investigation of these single-crystal pyrite
nanostructures will focus on using them as a platform to
study in detail the origin of the hole conduction observed
and the role of the surface and bulk defects in transport
properties. Because the eventual thin film photovoltaic
technology based on pyrite would likely utilize pyrite
materials with a thickness of several hundred nanometers
or less, these single-crystal pyrite nanostructures with
similar dimensions are nice model systems for thin film
device studies.We believe that a complete understanding
of the defects dominating the physical properties of
various pyrite materials and strategies to address them
are needed in order to explain and overcome the ubiqui-
tous heavy p-type conduction and lack of photovoltage
and thus photoconversion efficiency observed through-
out the literature on pyrite.

METHODS

Synthesis of Pyrite Nanorods and Nanobelts. Pyrite nanorods were
synthesized in a home-built reactor consisting of a 1-in. fused
silica tubeplaced in a single-zone tube furnace (Lindberg/BlueM)
equipped with pressure and single-gas flow controls. In a typical
preparation, 5 mg of FeCl2 3 4H2O (99.0%, Sigma-Aldrich) was
uniformly distributed on the surface of a 1 cm � 1 cm � 4 mm
(or 1 mm) thick alumina (Coors Tek Inc.) or borosilicate substrate.
The substrates were then placed at the center of the furnace, and
an alumina boat containing elemental sulfur powder (99.5%,
Fisher Scientific) was placed outside the heating zone. The tube
was evacuated to a base pressure of 10 mTorr and flushed three
timeswith argon. The tube furnacewas first heated under vacuum
to 100 �C at a rate of ∼7.5 �C/min, held at 100 �C for 30 min, and
then heated to 150 �C at a rate of ∼5 �C/min to dehydrate the
FeCl2 3 3H2O precursor to yield a tan-colored powder.

After dehydration the tube was heated to 425 �C under an
argon flow of 25 sccm at 760 Torr. Once the temperature was
reached, the sulfur boat was pushed with the aid of a Teflon
magnetic stir bar 3.5 cm inside the insulation opening of the
tube furnace (where the sulfur boat was at a temperature of
240 �C) to initiate the reaction. After 2 h of reaction time, the
reactor was cooled naturally to room temperature. Once the
temperature reached 300 �C, the argon flow was stopped and

the reactor evacuated. Any remaining precursor powder after
reaction was removed from the substrate by blowing a stream
of N2 gas and gentle rinsing with 2-propanol.

Synthesis of Pyrite Nanobelts and Nanoplates. In a typical pre-
paration, 5 mg of FeBr2 powder (98%, Sigma-Aldrich) was piled
on the center of a 1 cm� 1 cm� 4mm (or 1 mm) thick alumina
(Coors Tek Inc.) or borosilicate substrate. The procedures were
similar to the case above except that for dehydrating the FeBr2
hydrate precursor the tube furnace was first heated to 100 �C at
a rate of∼7.5 �C/min, held at 100 �C for 30min, and then heated
to 200 �C at a rate of∼4 �C/min under vacuum. Then the tubewas
heated to 425 �Cunder an argon flowof 50 sccmat 760 Torr. Once
the temperature was reached, the sulfur boat was moved 9 cm
inside the insulation opening of the furnace (where the sulfur boat
was at a temperature of 400 �C). After 45min of reaction time, the
reaction was cooled and terminated similarly to the case above.

Pyrite NRs, NBs, and nanoplates were also synthesized using
high-purity anhydrous FeBr2 powder (99.999%, Sigma-Aldrich)
and elemental sulfur powder (99.999%, Materion) following the
same reaction conditions including the dehydration procedure.
These structures were used for some device measurements as
noted.

Structural Characterization. The powder X-ray diffraction pat-
terns of as-synthesized samples on borosilicate substrates were
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collected on a Bruker D8 Advance Powder X-ray diffractometer
using Cu KR radiation. The background from the borosilicate
substrate was subtracted from the raw data. The confocal micro-
Raman spectra of an as-synthesized sample on the borosilicate
substrate were collected with a Horiba Jobin Yvan LabRAM
ARAMIS confocal microscope using a 100 μm aperture and a
532 nm laser source. All measurements were taken under the
same laser intensity attenuation using a density filter to avoid
oxidation of the pyrite nanostructure. For scanning electron
microscopy (SEM) imaging, the as-synthesized samples were
mounted onto metal pucks and bridged to their surface using
double-sided carbon tape. Some samples were gold sputtered
before imaging to improve the conductivity of the insulating
substrates. All sampleswere imagedusing a LEOSupra 55VP field
emission SEM. To prepare the specimen for TEM imaging, a TEM
grid (Ted Pella, lacey carbon type-A support film, 300 mesh,
copper, #01890-F) was placed on the surface of an as-grown
substrate covered with pyrite nanostructures, and by gently
rubbing the TEM grid on the substrate, nanostructures were “dry
transferred”. TEM imagingwas carried out on a Philips CM200 TEM
at an accelerating voltage of 200 kV. HRTEM was carried out on a
FEI Titan scanning transmission electron microscope at an accel-
erating voltage of 200 kV or a Tecnai TF-30 TEM at an accelerating
voltage of 300 kV (specifically for Figure 3e).

Single NR, NB, and Nanoplate Device Fabrication and Electrical
Measurements. Pyrite NRs, NBs, and nanoplates were gently dry
transferred onto degenerately doped Si (100) substrates coated
with 600 nm of silicon dioxide. Electrodes were then defined
using standard e-beam lithography, and ohmic contact to the
NRs was made with e-beam evaporated Ti (70 nm thick) and Au
film (30 nm thick). A 3 s buffer HF etching (buffered HF
improved, Transene Inc.) of the sample before metal evapora-
tion was found to be necessary to make ohmic contact. Room-
temperature electrical and field effect characteristic measure-
ments weremade on a CascadeMicrotech RF-1 probe station and
a custom computerized transport setup. Back gating was applied
through a degenerated doped silicon substrate separated by a
600nmthick silicondioxidedielectric layer. Solid electrolytegating
was performed using a PEO/KClO4 electrolyte,52,53 which was
prepared by dissolving PEO/KClO4 (7:1 in weight ratio) in metha-
nol. To fabricate the electrolyte gated devices, this solution was
drop-cast onto the substrate chip, which was later baked at 90 �C
until residual moisture and methanol were removed.

Temperature-dependent measurements of the pyrite NR,
NB, and nanoplate devices were carried out in a Quantum
Design Physical Property Measurement System (PPMS-9T)
combined with standard DC measurement setup using a
Keithley 6221 as current source and a Keithley 2182A as
voltmeter. All temperature-dependent conductivity measure-
ments were taken at discrete temperatures at which thermal
equilibrium was reached using a constant current of 0.05 μA
through the device.
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