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Abstract – Successful extraction of photo excited carriers from a photo active material is key towards a successful PV device. The
high losses exhibited by a device with pyrite as the active layer has been noted previously but never investigated systematically to
understand the photo physics and the carrier loss mechanisms to improve its performance. Here we report a detailed characterization of
a film made using {100} terminated, pure pyrite single crystal nano cubes. Using ultrafast transient absorption spectroscopy we found
fast carrier localization of photo excited carriers to indirect band edge and shallow trap states with characteristic decay time of 1.8
picoseconds, followed by relaxation to deep states and recombination of trapped carriers with long characteristic decay times of 50-990
nanoseconds. Its optical absorption characteristics correlate to a disordered semiconductor. Temperature dependent electrical resistivity
exhibits a Mott - variable range hopping (VRH) type conduction mechanism consistent with the presence of high density of defect
states. An electron band model with midgap defect states is formulated that could explain all the observed phenomena .
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1. Introduction
The major impediment to widespread solar energy conversion is the high cost of the modules as well as the
requirement for large areas of land. Consequently, the motivating factor for photovoltaic (PV) research has been to achieve
high efficiency at low cost with environmentally benign materials [1,2]. Earth abundant semiconducting materials such as
CZTS, CuO, Cu2O, Cu2S, CoO3, Zn3P2 and FeS2 offer great potential in this respect [3]. Of these, FeS2 (pyrite) has
received interest due to its abundance and attractive optical properties. It has a remarkably high optical absorption
coefficient (α >105 cm-1 for hν > 1.3 eV), a good energy band gap Eg of ~ 0.95 eV and sufficiently long minority carrier
diffusion length (100 nm – 1000 nm). Besides, a high carrier mobility of μ ~ 360 cm2 V-1 s-1 has been reported for n-type
bulk single crystals [4]. Nonetheless, the efficiency for a pyrite single crystal photoelectrochemical cell could not exceed
2.8 % with an extraordinarily high short circuit current (Jsc = 42 mA/cm2) and fill factor of 50 %. This low efficiency is
attributed to its low open circuit voltage of Voc ~ 187 mV which has still not been surpassed, even after nearly 30 years of
the first report by Tributsch and co-workers [4]. All previous researchers attributed the problem of low photo voltage to
defect states within the forbidden energy gap caused by of phase impurities and stoichiometric deviations in the pyrite.
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Recently, independent studies from Jin et al [5,6] and Law et al [7,8] propose the existence of a surface charge inversion
layer and conclude that the surface states and ionization of high density deep donor defect states are responsible the for low
voltages. Interestingly, recent reports of synthesis of pure pyrite nanostructures by solution processing [8-11] provides the
means to avoid impurities and surface inversion problems in pyrite. They offer a unique platform to study fundamentals as
well as device physics due to their better control of quality, composition, size and shape, and the relative ease of making
films by simple dip or spin coating. However, post treatment is generally required to remove any residual organics, before
device applications to get appreciable currents in films through enhanced electronic inter-particle coupling [12].
Nanostructured iron pyrite has been tested in many optoelectronic devices [13-19] but did not prove their effectiveness in
solar cell configurations which is a setback. Despite this, we believe that the high responsivity to optical excitation,
coupled with good crystallinity and stability, would be still advantageous for use as the absorber layer in solar cells if
adequate photo voltage could be derived. To achieve this, the physics of photo excitation and charge carrier dynamics in
pyrite must be well understood.
In this work, we investigated the charge carrier generation and relaxation dynamics in as-prepared and sulfur treated
{100} faceted iron pyrite nano cubes by ultrafast transient absorption (TA) measurements. Since {100} surface inhibits
surface reconstruction, contrary to {111} or {210} face, {100} faceted nano cubes are chosen for the present study [20-22].
From a variety of investigations to monitor and characterize the effects of crystal defects, a carrier relaxation model is
proposed where the relaxation pathway is through multiple electronic transitions within the band gap. Passivation of these
mid gap states might enable adequate increase in the photo voltage of pyrite nano-crystalline solar cells to make them
commercially competitive.

2. Methods
Pyrite nano cubes were synthesized by a hot injection method starting from FeCl2 and elemental sulphur powder. The
details are described in our previous publications [11,23]. 50 μL suspension of pyrite in ethanol, at a concentration of
0.1M, was used to spin-coat on glass substrate. The coating was done sequentially to get adequate film thickness of about
300 nm. This is termed the as-prepared film. Some of the as-prepared samples were sulphurized in a two-zone furnace with
sulphur powder at the colder zone of 200o C while the film was kept at 500o C in an argon atmosphere for 30 mins. This
was done to remove remnant organic ligands on the cubes from the synthesis process and to improve inter-particles
electrical contact. The furnace tube was evacuated and purged with argon three times before this sulfurization process to
ensure a clean argon atmosphere and to avoid any oxidation of pyrite.
The films were characterized by X-ray diffraction (XRD) and high resolution transmission electron microscopy
(HRTEM) for crystallinity and phase purity. Since the sensitivity of the XRD in detecting small fractions of impurity
phases is limited, confocal micro-Raman with laser excitation at 532 nm with 0.14 mW power was resorted to, to confirm
the crystal purity. Subsequently, optical absorption (UV-Vis absorption spectrophotometer), electrical and magnetic
properties were evaluated. To elucidate the effects of defects on charge carrier dynamics, ultrafast laser pump-probe,
transient absorption (TA) spectroscopy was done on both as-synthesized and sulfurized samples. The broad band
dynamical TA spectra were collected in nanosecond and microsecond probe time delay range with Ultrafast System
HELIOSTM and EOSTM, respectively.

3. Results and Discussion
Figures 1(a) and 1(b) show the XRD data and Raman spectra of as-prepared and sulfurized films, respectively. All
XRD peaks could be indexed to the cubic pyrite phase (JCPDS 42-1340). No peaks from potential impurity phases such as
pyrrhotite (Fe1-xS), iron monosulfide (FeS), marcasite (orthorhombic polymorph of FeS2) or iron oxide were detected. It is
evident from these figures that sulfurization process retains the shape and phase purity of the as-synthesized sample.
Lattice constants computed for the as-coated and sulfurized films from the XRD spectra are 5.392 Å and 5.412 Å
respectively. This is very close to the value of 5.418 Å reported for a high quality, pyrite sample [24].
Three characteristic phonon modes were observed in the micro-Raman spectra at wavenumber 341 cm-1(Ag), 377 cm-1
(Eg) and 425 cm-1 (Tg(3)) respectively. The Ag and Eg modes are from sulfur-sulfur bond vibrations and Tg (3) is vibrational
mode [25,26]. Out of five Raman active modes, the Tg (1) and Tg (2) phonon modes are generally not observed due to
significant light extinction caused by other modes and inefficient light scattering at room temperature [27]. Both asprepared and sulfurized films showed only pyrite peaks confirming the high phase purity of the films.
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Nanocube morphology of as-prepared and sulfurized films is evident from SEM micrographs of Figures 1(c) and 1(d)
with clear facets. The single crystalline quality and phase purity were confirmed by HRTEM as shown in Figure 2. Every
nano cube is a single crystal. Lattice resolved high resolution image of Figure 2(b) yields a lattice constant of 5.48 Å, in
congruence with the (100) plane lattice spacing. Selected area diffraction (SAED) pattern of Figure 2(c) shows two pairs of
planes which could be indexed to (200) & (-200) and (020) & (0-20). The zone axis of the cube is [001] direction. This
proves that the nano cubes are terminated with {100} facets. Planar defects such as stacking faults could be discerned in
the lattice as marked with yellow lines and arrows in Figure 2(b). Although, such defects have been previously reported in
nanoparticles, their presence in this study is significant as they may have a critical role in governing the electronic
properties of pyrite nanoparticles [10,28,29].

Fig. 1: Structural charactreization. (a) XRD pattern, (b) Confocal micro-Raman spectra, and SEM micrographs of (c) as-prepared and
(d) sulfurized pyrite nanocube films.

(
b)

(a)

(b)

(c)

Fig. 2: HRTEM image of iron pyrite nanocube. (a) Edge of the nanocube, inset shows full nanocube image, (b) lattice fringes and
stacking faults marked with yellow dashed lines and arrows and (c) selected area diffraction (SAED) pattern indicating the points
corresponds to marked planes (red spots).
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Optical absorption spectra of the films is shown in Figure 3(a) and 3(b). An optical absorption coefficient α > 1 x 105
cm for hν > 1.3 eV was obtained. Such a high optical absorption is a trait of iron pyrite. Optical band gap of the material
was analyzed by a Tauc plot in Figure 3(c). Regions of different slopes could be identified in this plot, which could
correspond to optical excitations from band edges and defect states/bands. Intercepts of the linear extrapolations of the
different slopes in the plot on the energy axis could be interpreted as optical transitions corresponding to those specific
energy levels. Electronic behavior of pyrite is governed by these energy level transitions. Three such distinct energy
transitions could be identified at 1.1 eV, 1.5 eV and 1.9 eV in Figure 3(c) although all the tangents are not drawn. The
estimated band gap is 1.1 eV which is well within the range (0.80 eV to 1.10 eV) commonly reported for pyrite [4,22,30].
However, this band gap value appears to be direct as it fits linearly with n = 2 value in the parameter (αhν) n in the Tauc
equation. Such indirect to direct transition is not unusual in semiconductors with high density of defect states and disorder,
and has been reported even for pyrite single crystals [5]. A possible optical transition at 1.5 eV corresponds to the
fundamental direct band to band excitation, consistent with previously reported values [31,32]. The third probable
transition could be obtained at 1.9 eV agrees well with values approximated by theoretical study and experimentation and
could be attributed to the interband excitonic transition [22,33,34]. Notably, the discrepancies in commonly reported
optical band gap of pyrite could be an indication of the presence of fuzzy band edges in pyrite, a common feature in
disordered semiconductors. Potential fluctuations arising from defects perturb the electronic band edges and could result in
broadening of electronic states leading to band tails extending below the band edges, which could manifest as sub-band
gap optical absorption [35,36]. The absorption spectra in Figure 3(a) could be divided in four regions. The region I could
be attributed to optical transition from extended states to mid-gap localized states; region II to exponential tail due to
transitions from one of the extended states to the another band tail localized states at absorption edge; region III could be
due to power law dependence of absorption coefficient on photon energy; region IV could be the fundamental optical
absorption. For pyrite, the defects may be intrinsic, such as sulfur and iron vacancies that have been predicted by first
principle studies [37,38].
-1

Fig. 3: (a,b) UV-Vis absorption spectra and (c) Tauc plot analysis of; as-prepared and sulfurized iron pyrite nanocubes.

Ultra-fast pump-probe TA spectroscopy allows us to monitor the charge relaxation process in the samples. Following
photoexcitation with 900 nm and 1600 nm pump pulses, the hot charge carriers rapidly relax to the band edge and trap
states. Figures 4(a) and 4(c) show the pseudo color plots of the change in absorption, A (represented by the color scale) in
plots of wavelength (nm) against probe time delay for the sulfurized sample. The data for as-prepared sample was similar
and hence is not given here. Similarity of the spectra for the as-prepared and sulfurized samples proves that the intrinsic
electronic property of pyrite was not changed by sulfurization. Figure 4(a) shows a prominent negative A band or
photobleaching (PB) signature near the bandgap at around 950 nm. This PB shows a fast decay with probe delay time as in
Figure 4(b). Fitting a single exponential decay curve to the data gives a characteristic time constant of 1.8 ps. This lifetime
closely matches with the building up time of a broad positive A band or photo-induced absorption (PIA) signature at
wavelengths >1000 nm. Hence, this band edge PB signal should originate from stimulated emission of the photo-generated
carriers near the bandgap and filling of the band edge states. The broad PIA band below band gap should originate from the
localized charge carrier absorption. Therefore, the band edge PB fast decay represents photo-generated charge carrier
localization from the direct gap edge to indirect band edge and middle gap trap states. Considering the p-type nature of the
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sample, this fast charge carrier localization possibly originates from the photo-generated electron localization and trapping.
The recombination time of the trapped electrons with holes is in few hundreds of ns as evident in Figure 4(d). Based on
our reasoning for the fast and slow carrier decay times, we have formulated representative photo physical processes
schematically in Figure 5. These processes clearly indicate the high carrier losses in iron pyrite due to fast localization and
recombination assisted by intermediate gap states.

Fig. 4: Differential absorption spectra after photoexcitation as a function of time delay in (a) femto-pico second range, (c) nanomicro second range. Carrier decay dynamics probed at 950 nm (photobleaching) and 1400 nm (photoinduced absorption) by fitting the
transients in (b) picosecond range, fitted with single exponential decay function (solid black line) with decay time constant (charge
transfer time, τct) 1.8 ps and (d) microsecond range, fitted with biexponential decay function with time constants 50 nm (τd1) and 990 ns
(τd2) associated with long live trap states and recombination process.

Fig. 5: Representative schematic of the photophysical processes involved in iron pyrite. The energy axis is arbitrary and the mechanism
shown is based on the results obtained from optical pump probe spectroscopy.
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Next, we examine the impact of such high defect states on charge carrier transport in pyrite which is necessary to
understand the performance of pyrite based solar cells. To study the physics of carrier transport and intrinsic defects, we
conducted temperature dependent electrical transport and magnetic measurements. Figure 6(a) shows the dependence of
resistivity (Ln ρ) on 1/T (inset shows the resistance versus temperature raw data) which resembles a typical
semiconducting behavior. When the results are plotted against T -1/4 a straight line could be fitted from room temperature
(300 K) to about 50 K as shown in Figure 6(b). This indicates a good agreement with Mott variable range hopping (VRH)
mechanism for charge transport given by the equation ρ = ρo exp (To/T) 1/d+1. d in the exponent is the dimensionality of the
system, To is the characteristic temperature and ρo is a weak temperature dependent pre-exponential factor (value of ρ at T
→∞) which depends on the electron-phonon interactions [39]. A high characteristic temperature of To = 4.5 x 106 K
obtained by linear fitting of Ln (ρ) vs. T (-1/ 4). Such type of conducting behavior is marked by charge transport through the
localized states via phonons (phonon assisted transport). At finite temperature, VRH conduction is caused by the localized
states that depend on dimensionality (d) of the system [40]. Since the charge transport in our films is through nano cubes,
the value of d = 3 could be assumed due to 3- dimensional isotropy of nano cubes. This argument agrees well with the
experimental data fitted with 3- dimensional VRH equation.

Fig. 6: Electrical transport of iron pyrite, (a) Logarithm of resistivity vs 1/T plot. Inset shows resistance vs temperature plot, (b) Ln ρ vs
T-1/4 plot fitted linearly with Mott-VRH type transport. Magnetic measurements on iron pyrite, (c) M-H curve at 10 K showing
superparamagnetic response with finite saturation magnetization, (d) Magnetization vs temperature plot from 300 K – 10 K and (e) MH curve at 300 K showing diamagnetic response.

Previous transport studies on iron pyrite single crystals and nanostructures also showed Mott-VRH type conduction
phenomena [5,41]. The fact that Mott-VRH type conduction behavior is often observed in different pyrite nanostructures,
regardless of synthesis procedure, reinforces the existence of smaller localization lengths and intrinsic defect mechanisms
in all pyrite samples. The presence of high density of defect states reflected by our optical pump probe studies is in
agreement with the charge transport behavior observed in the temperature dependence of resistance in the iron pyrite films.
It is thus clear that the disorder and intrinsic defects in the pyrite crystals create the defect states that trap the charge
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carriers and consequently assist in recombination. Intrinsic defects are arguably the most plausible explanation for the
universal conduction behavior of pyrite and its sluggish photo response.
We conducted temperature dependent magnetic measurements also on our iron pyrite film samples. As shown in
Figure 6(c) the film shows a weak magnetic ordering at 10 K with a clear saturation magnetization. Temperature dependent
magnetization data is shown in Figure 6(d) which indicates enhanced magnetization at temperatures below 50 K. On the
other hand, at room temperature, pyrite is non-magnetic (diamagnetic) as evident from the magnetization curve of Figure
6(e) as reported by others because it has electrons filled in t2g state in low spin configuration [42,43]. Many other Fe and
other Fe-S phases exhibit magnetic order. However, our phase identification investigation showed the absence of any
impurity phases. This raises the possibility of unexpected phases such as FeδS1-δ (0 ≤ δ ≤ 1) being formed at localized
regions at low temperatures due to condensation of sulfur vacancies within the bulk and the surface. This could happen
when the point defects order to low energy configurations at low temperatures, which could create nano-scale regions of
non-stoichiometry, and consequently magnetic ordering at such localities. At higher temperatures, such defects are
randomly distributed and hence do not influence the bulk magnetic behavior. Since point defects are a source of localized
gap states, the magnetic information also strengthens photo physical processes formulated in Figure 5.

4. Conclusions
We have studied high purity, as-prepared and sulfurized iron pyrite films consisting of nano cube shaped single
crystals, prepared by hot-injection method. Its optical absorption corresponds to that of a disordered semiconductor.
Optical pump-probe transient absorption spectroscopy showed both photo carrier generation and relaxation processes.
Strong photo carrier generation occurs at direct band edge (~ 950 nm). Relaxation of the photo excited carriers consisted of
a fast and a slow components. The fast component could be assigned to rapid carrier localization of the excited carriers to
indirect band edge and shallow defect states with a characteristic decay time of 1.8 ps. The slow component could be
attributed to carrier relaxation through deep, mid gap states, and recombination via direct hole capture process.
Temperature dependent transport measurements showed VRH type conduction from 50 K - 300 K. Temperature dependent
magnetic measurements showed magnetic ordering appearing at temperatures < 50 K in contrast to diamagnetic behavior at
room temperature. All these findings are consistent with the presence of a high density of defect states.
We believe good photo voltages can still be obtained from the pyrite films made here if we could achieve two
improvements: (i) Enhancement of inter-particle electrical coupling or realizing a single domain film, free of boundaries;
(ii) Mitigating the defect states present within the band gap by using crystal growth strategies and post treatments to limit
the bulk defects, as bulk defects would be a major impediment for the enhancement of photo voltage. We believe our
findings will help to understand the rarely explored photo physics of iron pyrite and provide deep insight to the interrelationship between crystal defects, gap states and photo carrier losses.
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