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Abstract

We report optical properties of iron pyrite (FeS2) determined from ex situ spectroscopic
ellipsometry measurements made on both a commercially available bulk single crystal and
nanocrystalline thin ﬁlm over a spectral range of 0.735–5.887 eV. The complex dielectric
function, ε (E)=ε1 (E)+iε2 (E), spectra have been determined by ﬁtting a layered parametric
model to the ellipsometric measurements. Spectra in ε are modeled using a Kramers–Kronig
consistent critical point parabolic band model involving seven critical points for the bulk single
crystal and four critical points for the nanocrystalline ﬁlm. Absorption coefﬁcient spectra for
both types of samples are also determined from ε. Critical point features in the nanocrystalline
ﬁlms are broader, have lower amplitude and lower energy critical points detected having a small
blue shift when compared to the single crystal sample.
Keywords: dielectric function, iron pyrite, nanocrystal, optical properties, spectroscopic
ellipsometry
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

synthesis of FeS2 nanocrystals as a low-temperature route to
inexpensive solar cells [8, 9]. Although advances in PV based
on FeS2 absorbers remain elusive, FeS2 nanocrystal thin ﬁlms
have been successfully used as the counter electrode for dye
sensitized solar cells [10] and as a low-potential barrier back
contact to polycrystalline CdS/CdTe thin ﬁlm solar cells [11].
Detailed understanding of the optical response of FeS2, in
the form of the energy-dependent complex dielectric function,
ε (E)=ε1 (E)+iε2 (E), or alternately the complex refractive index, N (E)=n (E)+ik (E)=ε1/2 (E), spectra is
necessary for the continued investigation and future development of PV devices incorporating FeS2. A limited number
of studies have reported on the optical response of iron pyrite
employing methods such as optical reﬂectance [12–14] and
spectroscopic ellipsometry measurements [15]. In Choi et al
[15], analysis is made on the pseudo-dielectric function, 〈ε〉,
obtained by using a simple model of a discrete interface
between a semi-inﬁnite material and known semi-inﬁnite

Iron pyrite (FeS2) is an important source of iron and sulfur and
is the most abundant, non-toxic, naturally occurring sulfur
mineral found in the Earth’s crust. The iron pyrite crystal
structure consists of a face centered cubic lattice [1], where
each iron atom is octahedrally coordinated by six sulfur atoms
and each sulfur atom is tetrahedrally coordinated with one
neighboring sulfur atom and three neighboring iron atoms
[2, 3]. Due to having a high optical absorption coefﬁcient (α)
in the near infrared and visible regions, band gap energy near
∼1 eV, and low material cost, thin ﬁlm FeS2 has been considered an appealing potential absorber layer in thin ﬁlm
photovoltaics (PV) applications [4–9]. Despite these promising
properties, no efﬁciency improvements in working PV devices
based on FeS2 absorbers have been demonstrated since 1993
when Ennaoui et al reported 2.8% efﬁcient devices [5]. In
recent years, attention has been focused on solution based
0957-4484/16/295702+09$33.00
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compensator multichannel ellipsometer [17, 18] collecting
696 data points over a spectral range from 0.735 to 5.887 eV
(M-2000FI, J A Woollam Co.).
Ellipsometric spectra collected from the nanocrystalline
ﬁlm are analyzed using a structural model that consisted of a
semi-inﬁnite glass substrate/FeS2 nanocrystal thin ﬁlm/surface roughness/air ambient. The bulk crystal sample is
modeled using a semi-inﬁnite bulk FeS2 layer/surface
roughness/air ambient structure. Spectra in ε and the structural parameters, the surface roughness thicknesses and
nanocrystal ﬁlm layer thickness, are extracted by ﬁtting the
optical and structural model to the respective experimental
ellipsometric spectra. The ﬁtting uses a least square regression
analysis that minimized an unweighted error function σ [19]

ambient for a natural single crystal of FeS2 over the spectral
range from 0.5 to 4.5 eV. The measurements in that study,
however, are performed at 77 K and did not include optical
properties of FeS2 at room temperature. The absorption
coefﬁcient (α=4πk/λ) of single crystal FeS2 is presented in
Ennaoui et al [5] from 0.8 to 2.0 eV. While optical properties
of bulk single crystal FeS2 have been reported, the optical
constants of nanocrystalline FeS2 have not yet been well
studied. This work reports comparison of the room temperature optical response obtained by ex situ spectroscopic
ellipsometry measurements of nanocrystalline thin ﬁlm and
bulk single crystal FeS2 over the spectral range from 0.735 to
5.887 eV, spanning the near infrared to ultraviolet. Analysis
of ellipsometric measurements yields spectra in ε for each
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where N is the number of measured values and M is the
number of ﬁt parameters, ‘exp’ denotes experimental spectra,
and ‘mod’ denotes values generated from the model.
Spectra in ε2 for nanocrystal ﬁlm and bulk crystal FeS2
are modeled using a parametric expression assuming critical
points with parabolic bands (CPPB) [20, 21]. Excitonic
transitions (μ=1) are assumed based on Choi et al [15].
Kramers–Kronig integration of ε2 along with a Sellmeier
expression [22] and a constant additive term, ε∞, are used to
describe ε1. The expression for parametrization of ε is

sample, from which critical point electronic transitions are
identiﬁed.

2. Experimental methods
FeS2 exists in either pyrite or marcasite crystal structure, both
of which share the FeS2 stoichiometry. Here, we focus on
nanocrystal pyrite FeS2 synthesized using a hot solution
injection method in an inert atmosphere. In a Schlenk line
system, a mixture of Fe precursor (FeBr2), solvent (oleylamine), and surfactant (trioctylphosphine oxide, TOPO) is
heated at 170 °C in a nitrogen environment in a three-neck
ﬂask. The sulfur precursor solution (elemental sulfur and
oleylamine) is injected into the Fe precursor solution for FeS2
nanocrystal nucleation. Growth of the nanocrystals takes
place at a temperature of 220 °C and standard atmospheric
pressure. These nanocrystals consist of highly-pure pyrite
phase veriﬁed by x-ray diffraction and can be synthesized
over sizes ranging from approximately 50 to 150 nm edge
lengths [16]. A FeS2 nanocrystal ﬁlm was deposited on soda
lime glass by solution drop-casting in a layer-by-layer process. During deposition of the nanocrystal thin ﬁlm, hydrazine
treatment at ambient temperature and pressure is used to
remove the TOPO, organic hydrocarbon molecules of an
insulating nature, from the surface of the nanocrystals to
ultimately make the ﬁlms more conductive. Scanning electron
micrographs (SEMs) of FeS2 nanocrystal ﬁlms are taken
using a Hitachi S-4800 to see the surface morphology of ﬁlm
and the shape and size of the nanocrystals. The pyrite FeS2
natural bulk single crystal for comparison to the ﬁlms is
sourced from Navajún, La Rioja, Spain. No surface cleaning
of the bulk crystal sample is performed prior to the measurement. Room temperature ellipsometric spectra (in
N=cos 2Ψ, C=sin 2Ψ cos Δ, S=sin 2Ψ sin Δ) are collected ex situ at 70° angle of incidence using a single rotating
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where A is the amplitude of the Sellmeier expression and E0 is
the resonance energy which must be outside the measured
spectral range. For each CPPB oscillator, An is the amplitude,
Γn is the broadening, En is the critical point energy, and fn is
the phase projection factor. Spectra in ε describing the surface
roughness of both the nanocrystalline ﬁlm and bulk crystal
FeS2 are modeled using the Bruggeman effective medium
approximation [23, 24]. As both samples are measured
ex situ, after exposure to atmosphere and without further
surface preparation, the surface roughness layer optical
response may also be affected by any atmospheric contaminants on the surface. Contributions from physical FeS2
protrusions and any contaminants on the surface are not
separated when modeling the optical response of the surface
roughness using Bruggeman effective medium approximation
here. When the void fraction in the surface roughness layer
and surface roughness thickness are varied, the errors on both
exceed the ﬁt value for the thin ﬁlm. In the case of the bulk
2
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Figure 1. Scanning electron micrographs (SEMs) of FeS2 nanocrystals at four different resolutions.

respectively, with σ=2.8×10−3. The surface roughness of
the bulk crystal sample is 8.6±0.1 nm with
σ=1.4×10−3. In both cases, low values of σ indicate that
our model is appropriate and calculated parameters are reliable. These thickness values are from the parametric ﬁt of
ellipsometric spectra collected at a single position on the
sample surface and, since the nanocrystalline ﬁlm is expected
to exhibit signiﬁcant non-uniformity, are not considered as an
average of ﬁlm thickness across the entire sample.
After obtaining the thicknesses from the parametric
models, numerical inversion [26] is used to extract ε at each
spectral point for the two samples over the full measured
spectral range. Figures 3 and 4 show numerically inverted
spectra in ε for the bulk crystal and nanocrystalline ﬁlm.
Spectra in α are obtained from the numerically inverted
values of ε and are compared in ﬁgure 5. The seven critical
points observed here in ε for the bulk crystal material are in
agreement with Choi et al [15], while only four critical points
are resolved for the nanocrystal ﬁlm. The large feature in the
complex dielectric function spectra near 2.0 eV is due to
transitions between Fe atom electron orbitals. The origin of
large feature near 3.5 eV is a mixture of Fe 3d and S 3p
orbitals. The detailed physics behind the origin of these features are described in Choi et al [15].
The amplitudes of the features in ε of the nanocrystal ﬁlm
are smaller in magnitude when compared to those of the bulk
single crystal. Features at some critical point energies appear

crystal, void fraction in the surface roughness ﬁt to
0.71±0.07 and surface roughness thickness ﬁt to
8.7±1.0 nm. When the void fraction is ﬁxed at 0.5 for the
bulk crystal, a very similar surface roughness thickness of
8.6±0.1 nm is obtained. Therefore, for simplicity and in
keeping with Fujiwara et al [25], we have ﬁxed the void and
FeS2 volume fractions of each at 0.5.

3. Results and discussion
Figure 1 shows SEMs of a nanocrystal ﬁlm at four different
magniﬁcations. The size of each nanocrystal is on average
70–80 nm. From the SEMs, we see that the ﬁlm is not densely
packed and the surface reduces the intensity of light reaching
the detector for spectroscopic ellipsometry measurements. As
spectroscopic ellipsometry is based on ratios of intensities and
electric ﬁeld amplitudes, as opposed to the absolute values,
this scattering is not a limitation of the measurement provided
that at least some light reaches the detector.
Figure 2 compares experimental ellipsometric spectra
and the model ﬁt for bulk crystal FeS2 and the FeS2 nanocrystal ﬁlm, and the parameters describing ε for each are
given in tables 1 and 2. The values of ε∞ are 2.86±0.03 for
bulk crystal sample and 1.18±0.04 for nanocrystal ﬁlm. The
surface roughness and bulk layer thickness of the nanocrystal
thin ﬁlm sample are 5.8±0.2 and 1854±1 nm,
3
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Figure 2. Experimental ellipsometric spectra (open circles) and model ﬁt (solid lines) of (a) bulk, single-crystal FeS2 pyrite and (b) a
nanocrystalline pyrite FeS2 thin ﬁlm over the spectral range from 0.735 to 5.887 eV. The data point density shown is reduced for clarity.

value of band gap, as can be seen in both α and ε2. This
behavior has been attributed to large amounts of random
defects interacting with the conduction band, or a disordered
structure that can create an Urbach tail near the absorption
onset [29]. This behavior may be due to presence of a native
oxide, complex roughness, and hydrocarbon contamination
on the surfaces [30]. Spectra in ε of bulk single crystal FeS2
are in close qualitative agreement with that collected for a
pyrite crystal at 77 K [15]. In comparison, the nanocrystalline
FeS2 ﬁlm clearly shows enhanced optical absorption below
the lowest energy critical point, indicating higher density of
sub-band gap electronic states originating from defects either
in the crystallites, their surfaces, or in both [9, 11, 16].
The difference in the size of ordered regions between the
bulk crystal and nanocrystal samples can result in different
surface energy interactions and interface energy. These variations are reﬂected in ε and α for nanocrystalline and bulk FeS2
as shown in ﬁgures 3 and 5. Due to high values of α, this
material is a good candidate for the absorber in PV technologies, although poor electronic quality has thus far limited its
application. Spectra in α of the hydrazine treated FeS2 nanocrystal ﬁlm obtained by spectroscopic ellipsometry here agrees
reasonably well with that measured from 0.62 to 4.13 eV for a
non-hydrazine treated FeS2 nanocrystal ﬁlm made by the same
method [16]. Absorption data for a bulk single crystal FeS2 [5]

to diminish due to lower transition strength and higher critical
point broadening, making them more difﬁcult to resolve in
general. For the ﬁlm, we are not able to resolve the critical
point at 1.16 eV possibly due to the presence of defects [9],
which gives rise to noticeable sub-bandgap absorption near
this critical point, or simply a lack of sensitivity as that feature
is relatively low in amplitude. Features near 1.7 and 2.0 eV
are observed in both the nanocrystal ﬁlm and bulk crystal.
The critical point at 2.78 eV for bulk single crystal has relatively low amplitude, 0.46, which is further reduced in the
nanocrystal ﬁlm and below the sensitivity of our analysis. The
two features observed at 3.65 and 3.90 eV for the single
crystal cannot be individually resolved in the case of the
nanocrystalline ﬁlm due to enhanced scattering and low
amplitude and are therefore represented by a single feature at
3.78 eV. Additional features at 4.87 and 5.3 eV are observed
for both the bulk crystal and nanocrystalline ﬁlm respectively.
To address this issue, the optical response of the crystal
component of the ﬁlm is extracted. Two features at 3.65 and
3.90 eV are resolved, although the others at 2.78 and 1.16 eV
are still not accessible.
The indirect band gap of bulk single crystal FeS2 is
reported to be 0.95 eV [5, 27], and the band gap of a FeS2
nanocrystalline ﬁlm is reported at 1.10 eV [28]. Both samples
in this study show signiﬁcant absorption below the reported
4
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Table 1. Parameters describing spectra in ε for bulk crystal FeS2 at room temperature. Critical point energies measured at T=77 K reported by Choi et al [15] are also provided for comparison.

CP (n)
Critical point energy (eV) [15]

5

En (eV)
An
Γn (eV)
fn (°)

1
1.36

2
1.78

3
2.09

4
2.49

5
3.41

6
3.92

7

Sellmeier

1.16±0.04
2.3±0.4
0.66±0.06
−173±21

1.72±0.01
14.5±0.8
0.40±0.01
−16±5

1.99±0.02
27±1
1.17±0.03
−9±4

2.78±0.03
0.46±0.09
0.30±0.06
−80±19

3.65±0.05
11.3±0.3
2.0±0.1
−45±6

3.90±0.01
2.0±0.1
0.35±0.02
59±8

4.87±0.07
1.0±0.3
1.0±0.2
−94±16

6.23±0.01
6.9±0.1 eV
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Table 2. Parameters describing spectra in ε for the FeS2 nanocrystal thin ﬁlm at room temperature.

CP (n)

1

2

3

4

Sellmeier

En(eV)
An
Γn (eV)
fn (°)

1.75±0.01
0.20±0.01
0.20±0.02
−54±8

2.05±0.01
3.3±0.1
1.60±0.03
−11±2

3.78±0.05
0.9±0.2
1.6±0.1
−30±10

5.3±0.6
1.3±0.2
6±2
−28±17

7.6±0.1
10.1±0.6 eV

impact ε and α implying that both samples are likely not well
ordered. The nanocrystals are geometrically smaller; however
the bulk crystal sample could still possess a large concentration of impurities limiting the size of ordered regions
and reducing the mean scattering time of charge carriers.
Increases in impurities and interfacial area, due to both free
surfaces and grain boundaries, will increase broadening of
critical point features and enhance the magnitude of Urbach
tails and absorption below the band gap.
The optical and electrical properties, such as increasing
the band gap energy, can be altered in FeS2 by tuning the
crystal sizes [33]. Although quantum conﬁnement effects are
not expected for the nanocrystal sizes utilized here, we
observed a small blue shift in features in ε and critical point
energies near 1.7 and 2.0 eV when comparing the nanocrystal
ﬁlm with the single crystal bulk. There are several reasons for
this blue shift. At dimensions larger than the Bohr excitonic
radius, the conﬁnement of the electron–hole pair is very weak
and size-dependent changes in energy levels are relatively
smaller [34]. To further model the FeS2 material component
in the nanocrystalline ﬁlm, a Bruggeman effective medium
approximation consisting of ε for bulk crystal FeS2 and void
is ﬁt to ε already determined for nanocrystalline ﬁlm. The best
ﬁt using this approach has 0.380±0.001 volume fraction
occupied by bulk crystal material. Then, using this structural
result the optical properties of the FeS2 material component
are re-calculated using numerical inversion and, ﬁnally, that
inverted result is re-parametrized by using the excitonic
CPPB model described earlier. Numerically inverted ε of the
FeS2 component in the nanocrystal thin ﬁlm are shown in
ﬁgure 3 for comparison. The parameters describing this new ε
of the FeS2 material itself are shown in table 3. The value of
ε∞ is 3.38±0.05 with σ=3.4×10−3.
As can be seen in table 3, a blue shift occurs in the two
lowest energy detectable critical points of the bulk crystal
fraction of FeS2 in the nanocrystalline ﬁlm as compared with
the critical point energies seen in the bulk sample only. For
ﬁlms comprised of small nanocrystallites, such as those seen
in ﬁgure 1, this kind of effect is signiﬁcant [35]. Because of
the high surface-to-volume ratio in the nanocrystal ﬁlm,
surface defects, such as vacancies and dangling bonds, are
commonly observed in addition to defects already present
within the bulk of each crystallite [36]. Nanocrystal size can
be controlled by the amount of surfactant added during
synthesis, yielding 50–150 nm crystallites. The average
nanocrystallites in this ﬁlm are approximately 70–80 nm in
size. The blue shift in critical point features for nanocrystal
ﬁlm may also be due to increased oxidation of ﬁlms when
exposed to air in comparison to bulk crystal FeS2. Density

Figure 3. Complex dielectric function, ε=ε1+iε2, spectra for the
bulk crystal (black open circle) and nanocrystal ﬁlm (blue solid
circle) FeS2 obtained from numerical inversion. Spectra in ε are also
shown for the bulk crystal component within the thin ﬁlm (red
triangle).

is in qualitative agreement with α in ﬁgure 5 from 0.8 to
2.0 eV. In both cases the results in ﬁgure 5 have slightly higher
values of α near the ﬁrst critical point and some small features
in the higher energy range corresponding to critical point
transitions. In comparison, α from [5] and [16] are rather ﬂat at
higher energies where the sample is likely optically opaque. In
that regime, polarization based reﬂectance measurements like
spectroscopic ellipsometry provide better sensitivity compared
to unpolarized intensity based reﬂectance. Ellipsometry is less
sensitive in the region where the material is weakly absorbing,
with smaller values of α, like any reﬂection based technique
[31, 32]. In the cases of both samples, α is large in the vicinity
of the reported band gap.
Although the bulk single crystal has fewer surfaces and
interfaces, the mean size of ordered regions within samples
6
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Figure 4. Rescaled spectra of ε, highlighting qualitative difference in the line shape of bulk crystal (black open circle) and nanocrystal FeS2

(blue solid circle).

Impurities may also exist within these nanocrystal grains.
Seefeld et al [14] studied impurity concentration in FeS2 ﬁlms
fabricated by solution phase deposition method using Auger
electron spectroscopy (AES) and secondary ion mass
spectroscopy (SIMS) depth proﬁles. AES measurements
detect large amount of K and smaller amount of Na, O, and C
for the ﬁlm deposited on Mo-coated glass and Mo-coated
crystal Si substrates. Similarly, SIMS proﬁles show the concentration of C, H, O, Na, K, Al, Ca, and Mg as a function of
depth into the ﬁlm stack. In [14], the largest impurity concentration is 0.9 atom% oxygen. Similarly, x-ray photoelectron spectroscopy conducted for FeS2 ﬁlms deposited on
different substrates showed impurities of O, C, K, and Na in
[14] which are potentially from the substrates, precursor
compound, and oxygen when the ﬁlm is annealed in air.
Berry et al [40] studied pyrite FeS2 ﬁlms fabricated by
atmospheric-pressure chemical vapor deposition (CVD).
Similar experimental research on CVD deposited ﬁlms
showed lower impurity concentration than solution deposited
FeS2 ﬁlms annealed in an argon atmosphere. Limpinsel et al
[41] reported on efforts to prepare highly pure single crystal
FeS2, and found that while O, C, and N are present, the
crystals also show Si, B, Na, and Cr impurities.
Impurities in the nanocrystals here likely arise principally
from the source materials. For example, the purity of iron
precursor FeBr2 is only 98%, elemental sulfur is 99.99%,
TOPO is 99%, and oleylamine is only 80%–90%. FeS2
nanocrystal synthesis is conducted in a nitrogen environment
using Schlenk lines and ﬁlm fabrication is also in a nitrogen
atmosphere. Structural and compositional properties of FeS2
nanocrystal thin ﬁlms fabricated in this system have been
investigated using x-ray diffraction, Raman spectroscopy and
scanning electron microscopy as previously published [16].
The FeS2 nanocrystals are found to be phase pure with no
evidence of other crystal structures. Since nanocrystal ﬁlm
fabrication is conducted in a nitrogen environment glove box,
the nanocrystal ﬁlms are only exposed to air for a short
duration of time for spectroscopic ellipsometry data

Figure 5. Absorption coefﬁcient (α) obtained from numerical

inverted ε for bulk crystal (black open circles) and nanocrystal ﬁlm
(blue solid circles) FeS2.

functional theory studies have reported a 0.2–0.3 eV band gap
increase is possible when 10% of the sulfur is replaced with
oxygen [37]. This band gap increase may arise due to the
synthesis process or the capping reagent, which impacts the
growth of the nanocrystals. Another possibility involves
Burstein–Moss effect where the absorption edge is blue
shifted to higher energies when conduction band states are
occupied [38].
Scattering of charge carriers mainly depends on the
amount of grain boundaries resulting from the small grain
size. Lifetime of charge carriers decreases due to this scattering and causes broadening of critical points [39]. We
observe signiﬁcant reduction of the amplitude and increase in
broadening of all the oscillators used to model the nanocrystalline ﬁlm when compared to the bulk crystal with the
exception of the features at 1.75 eV. The reduction of amplitude of features in ε is an effect of nanocrystals, resulting in a
change of oscillator strengths that are associated with the
optical transitions.
7
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Table 3. Parameters describing spectra in ε for the FeS2 component fraction of the nanocrystal ﬁlm.

CP (n)
Bulk crystal
En (eV)
An
Γn (eV)
fn (°)

1

2

3

4

5

1.72±0.01
1.83±0.02
2.5±0.2
0.20±0.03
25±12

1.99±0.02
2.06±0.01
30.2±0.3
1.30±0.02
8±2

3.65±0.05
3.5±0.1
13.5±0.3
3.3±0.1
−43±4

3.90±0.01
3.89±0.02
1.3±0.1
0.35±0.03
37±9

4.87±0.07
4.67±0.06
1.80±0.02
1.10±0.16
180±16

collection. Additionally, application of these nanocrystal ﬁlms
as back contacts to CdTe solar cells [11] shows stability in air
for up to several weeks. Therefore we expect any dynamic
roles of oxygen in the samples to be minimal.

[7]

[8]

4. Conclusions
[9]

Optical properties for bulk crystal and nanocrystal thin ﬁlm
FeS2 have been determined over a spectral range from 0.735
to 5.887 eV by spectroscopic ellipsometry. Spectra in ε for the
bulk crystal shows seven interband critical points while the
nanocrystal ﬁlm shows only four. Small blue shifting of critical point energies are observed in the nanocrystal ﬁlm
compared to the bulk material for corresponding transitions.
The number of transitions observed is reduced in the nanocrystal ﬁlm due to a combination of increased scattering and
decreased transition strength. FeS2 has some characteristics
suitable for PV, including high optical absorption. Further
study of variations in ε as a function of various processing
conditions for ﬁlms would likely be useful in optically
identifying structural and electronic property variations.

[10]
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