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Abstract

This investigation provides novel data on the structure and chemical composition of
pyrite thin films and new hints concerning their formation mechanism. From TEM-
HAADF data, it has been found that the films are composed of two different layers: one
is very compact and the other one is quite porous with many voids separating a few
groups of grains. This porous layer is always in direct contact with the substrate, and its
thickness is quite similar to that of the original Fe film. The average size of pyrite grains
is equal in both layers, what suggests that the same process is responsible for their
formation. Concentration profiles of sulfur, iron and some impurities (mainly sodium
and oxygen from the glass substrate) through both layers are given in this work, and

thus chemical inhomogeneities of the films are proved by the obtained stoichiometric
ratios (S / Fe)- Moreover, Na from sodalime glass substrates mainly accumulates at the

pyrite grain boundaries and barely dopes them. The obtained results support the
hypothesis that the iron sulfuration process essentially induces the diffusion of iron
atoms, what leads to the porous layer formation as a manifestation of the Kirkendall
Effect. Therefore, it seems that the same mechanisms that operate in the synthesis of
surface hollow structures at the nanoscale are also active in the formation of pyrite thin

films ranging from several tens to hundreds of nanometers.

Keywords: Pyrite, TEM, cross-section, Kirkendall effect, sodium doping.

1. Introduction

The increasing demand of energy together with the environmental problems

derived from the consumption of conventional energy supplies have promoted the
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exploitation of new energy sources (mainly renewable and clean). The most promising
of these sources is the solar one, which may be directly converted into electric energy
by solar cells made from photovoltaic materials in different configurations [1] . In this
context, pyrite (FeS;) has recently recovered the researchers’ attention [1-5] due to the
abundance of its elements, its environmental goodness and the possibility to synthesize
pyrite thin films, single crystals and nanostructures [6—9]. In addition, pyrite is
considered a very promising material for solar energy conversion processes due to its
very convenient bandgap (0.9-1.0 eV [10,11]) and high optical absorption coefficient
(0~10° cm™) in a significant part of the solar radiation spectrum, what would allow to
design very thin photovoltaic devices. Moreover, both n- and p-type pyrite films can be
synthetized by using different dopants [12—15] which enables the fabrication of both
homo and heterostructures based devices. However, photovoltaic pyrite applications are
presently limited mainly due to the reduced open circuit photovoltage obtained under
solar irradiation (Voc~0.3 V). The existence of an inversion layer at the pyrite surface,
the presence of a high density of deep donor states within the pyrite bulk, etc., are
subjects presently investigated as possible causes of that limitation [16—-18]. Besides,
bulk characterization has been also the focus of some works looking to explain the
general p-type behavior of synthetic pyrite films in contrast with the n-type nature of
synthetic single crystals [15,19-21]. Similarly, the study of the role of defects located at
both surface and bulk (such as iron and sulfur vacancies) or the presence of secondary
crystalline and/or amorphous phases (such as FeSy) at the pyrite grain boundaries

[18,22—-24] continue to be some of the subjects that still remain open.

In this regard, it must be considered that the macroscopic properties of an
artificially synthesized material strongly depend on the selected growth technique and

its corresponding experimental parameters. Thus, different temperatures, reaction times,
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initial precursors, etc., will determine some of the characteristics (stoichiometric
relationships, purity of the pretended phase, type and density of particular defects or
crystallization features) of the synthesized material. According to the existing literature,
pyrite thin films show an appreciable variety of properties depending on the method
used to grow them: sulfuration of iron thin films [3-5,14,15,25], chemical vapor
deposition [26-29], sputtering [30,31], flash evaporation [11], spray pyrolysis [32],
molecular ink-based techniques [33], hydrothermal processes [2], or electrodeposition
[34]. In spite of the easiness to synthesize pyrite thin films, the details of their formation
mechanism are not yet fully explained. Therefore, contributions to better know the
formation mechanism of pyrite films are essential in order to reach an improved

understanding and control of their characteristics.

Due to its simplicity, one of the methods most frequently used to obtain pyrite
thin films is the so-called sulfuration of iron thin films [35]. Although different routes
can be followed to that aim depending on the sulfur chemical form or the oxidation
extent of the iron film, very frequently sulfur vapor from elemental sulfur is used to
produce the sulfuration of as deposited iron thin films. One of the advantages of this
method is that several experimental parameters, which can be isolated from one another,
play a significant role in determining the characteristics of the resulting pyrite films. For
example, variations of the sulfur vapor pressure or sulfuration temperature and time
(while fixing all others growth parameters) will result in stoichiometric and
crystallization differences that subsequently can be correlated to some of the film
macroscopic properties[36]. On the other hand, the important role of the substrate where
thin films grow has been highlighted in relation to its chemical stability at high
temperatures. Diffusion processes of certain elements through the pyrite films may be

activated [25]. These phenomena are especially critical when dealing with sodalime
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glass (SLG) substrates, a very extended substrate type due to its transparency (very
useful for accomplishing optical characterization), its thermal linear expansion
coefficient that is quite similar to that of pyrite (~10~°> K™ in the range 50°~300 °C), and
its low cost. In particular, it has been shown that sodium diffusion from the SLG
substrate into the pyrite film depends on its sulfuration temperature [25] and that it
might affect several of the film properties. For example, the pyrite film doping[15], its
structural properties, such as the inhibition of marcasite growth in favor of pyrite
[29,37], the existence of amorphous sulfur-deficient secondary phases [24], etc. These
important influences of sodium have been also investigated by adding a Na-based
precursor [24] or a Na thin film [29] to the sample to be sulfurated deposited on a Na

free substrate.

To get a better understanding of the formation mechanism of pyrite films by
sulfuration of iron thin films we have investigated their inner profiles. To this end, we
have applied transmission electron microscopy (TEM) and related electron energy loss
spectroscopy (EELS). Two types of substrates (sodalime glass and amorphous quartz)
have been investigated in order to identify the role of some contaminants, particularly,
of sodium in the pyrite formation process. We have found that the obtained pyrite thin
films are not homogeneous but formed by two parallel layers that differ in thickness,
granular distribution, stoichiometry, and impurity content. Surprisingly, we have found
that regardless of the substrate, the pyrite layer in direct contact with the substrate
presents a highly porous morphology because it is formed by bunches of grains
separated by large volumes of empty space. Based on this experimental fact and on a
wide structural and chemical characterization of the films grown at different sulfuration
temperatures, we have outlined the basis of a formation process of the pyrite thin films

by sulfuration of Fe films where the Kirkendall effect must play an important role.
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2. Experimental Section.

Fe metallic films of thickness between 80 and 200 nm were deposited by
thermal evaporation (Edwards E306 A) of Fe powder (Goodfellow, 99.9%) located in a
tungsten crucible. Sodalime glass (SLG) substrates were obtained by cutting some
microscope slides from Linea LAB (Menzel-Gliser) in small pieces (26x10x1 mm®). In
addition, free sodium amorphous quartz substrates (SPI Supplies) of the same
dimensions as those of SLG were used for comparison purposes. Before metallic Fe
deposition, the substrates were washed with water and neutral soap, rinsed with
deionized water and afterwards cleaned with ethyl alcohol (ethanol). These steps were
accomplished with the substrates container inside an ultrasonic water bath. A warm and
clean airflow was applied to dry all substrates. Before Fe deposition, substrates were
kept at 200 °C during 2 h in high vacuum conditions inside the deposition chamber to
finish their cleaning. Subsequently, the obtained Fe thin films were sulfurated in a glass
ampoule previously sealed under a vacuum of 10 mbar containing sulfur powder. The
amount of sulfur inside the ampoules was the necessary one to reach the sulfur
equilibrium vapor pressure at the corresponding sulfuration temperature. The
sulfuration of Fe films was performed by heating the glass ampoule up to the sulfuration
temperature (T;), where the sample was kept for 20h and then cooled down to room
temperature at its natural rate. Sulfuration temperatures between 250 and 450 °C have
been used for different films. The sample is situated at the hot side of the glass ampoule
(Ts), while the sulfur is placed at the other ampoule end, which during the cooling step
reaches a temperature that is 15-20 °C lower than that of the hot end, preventing sulfur

condensation on the thin film (see Figure SI 1 of the Supporting Information (SI)).
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Additional details regarding the preparation of pyrite thin films by sulfuration of iron

films can be found elsewhere [35].

Structural characterization of the pyrite thin films has been performed by X-ray
diffraction (XRD) with an X’Pert PRO Theta/2Theta Panalytical diffractometer in
grazing incidence configuration using Cu K, radiation (CuK,=1.5406 A) and an
incidence angle of 1.7°. The XRD data were used to calculate the mean crystallite size
by using the Scherrer approximation. The morphology of the samples was studied by
high-resolution scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images. SEM images were taken with a Dual Beam Helios NanoLab
650 (FEI) equipped with an electron field emission source ElstarTM XHR, operating in
a beam energy range between 20-30 keV and a FEI Verios 460 at 2kV of accelerating
voltage. These microscopes present a minimum spatial resolution of 0.9 nm and of 0.6
nm, respectively. Lamellas for electron transmission analysis were prepared within the
SEM system using a Tomahawk TM ion source of gallium for focused ion beam (FIB)
manipulation. The TEM measurements were taken with a FEI Talos F200X equipped
with a FEG electron source of 200 keV and with a minimum a resolution of 0.16 nm.
Compositional energy dispersive X-ray (EDX) analysis were performed with this same
instrument. In addition, chemical characterization was completed by electron energy
loss spectroscopy (EELS) studying the Fe-L,3 and S-L,3 edges. The background was
removed by a power law expression using Gatan Microscopy Suite (GMS3) software. A
Sloan Dektak ITA Profilometer (accuracy 1 nm) was additionally used to measure the

thicknesses of the original metallic samples and those of the sulfurated films.
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3. Results and Discussion

2.1. Morphology and structure of iron (Fe) thin films

Figures 1 (a) and (b) show the cross-section of two different Fe thin films deposited on
glass substrates. Their thicknesses (~134 and ~182 nm, respectively) are quoted in the
figure. Both films present a quite similar compact morphology and structure, composed
of grains of different shapes and sizes. We here want to emphasize that there is no
discontinuity between the substrate and the Fe film and to remark this aspect due to its
relevance in the discussion of the results of this investigation. The XRD pattern of an Fe

thin film is shown in Figure SI 2 together with others from pyrite films.
2.2. Morphology and structure of pyrite (FeS,) thin films

The cross-sectional SEM 1mages of pyrite films grown at 300 °C on glass and
amorphous quartz substrates are shown in Figure 2 (a) and (b), respectively. Both films
are composed by two layers identified as “porous layer” (in contact with the substrate)
and “compact layer”. The total thickness (porous plus compact layers) of both films are
quite similar (~350 nm) and, in particular, the porous layer thickness in each of the
films appears to be quite close to the thickness of the original Fe film (~100 nm). The
different structure and morphology of both (compact and porous) layers is clearly seen
in the figure. Small packets of pyrite grains separated by empty space form the porous
layers while the compact ones show very narrow grain boundaries and an almost

continuous grain distribution. The results also suggest that the average grain size in the
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compact layer is about the same as that in the porous one. As it will be discussed
throughout the text, the nature of this bilayer is common to all the prepared films,
independent of the respective sulfuration temperature and substrate. Singularly, it
appears to be quite independent of the substrate composition and, in particular, of its Na
content. X-ray diffraction patterns of the films shown in Figure 2 (c) confirm a non-
texturized unique phase corresponding to pyrite (cubic, Pa3), and no hint of other
phases such as pyrrhotite (hexagonal, P3/, or monoclinic, A2/a), marcasite
(orthorhombic, Pnnm) or iron appear. Equivalent results are obtained for the complete
series of samples deposited on glass and sulfurated in the temperature range of 200-450
°C as shown in Figure SI 2. Besides, Figure SI 3 shows the comparison between the
normalized XRD peak intensity to that of the (200) peak from Figure SI 2 and those
given in the standard ASTM (JCPDS 00-42-1340) card. This comparison confirms that
the film crystallization is quite similar to that of the random ASTM FeS, polycrystalline
samples with no distinct crystallographic texture [25,29,35,36,38-40]. Figure 2d shows
a detail of a diffraction pattern of a pyrite crystallite forming a grain (top left insert)
from a film sulfurated at 300 °C. As it was said before, only the pyrite phase is
identified, confirming the complete structural and chemical transformation of the initial

Fe film.

Figure 3 shows TEM images of pyrite lamellas from films deposited on SLG and
amorphous quartz sulfurated at different temperatures. The left column gives an
overview of the complete thin film. The red and green rectangles in the figures
correspond to the porous and compact layers shown, respectively, in the central and
right columns. It is clear that the pyrite grains are randomly distributed in all cases, in
agreement with the polycrystalline nature of the films shown in the previous X-ray

diffraction patterns. Furthermore, we want to point out that the election of these three

10
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temperatures (300, 350 and 450 °C) is appropriated because those samples show some
interesting phenomena. In the first place, a change of the morphology of the porous
layer is clearly seen when comparing the films obtained at 300 °C and 350 °C. The last
one presents a denser stripe around the middle of the porous layer, whereas the compact
layers of both films seem to remain quite similar. Secondly, on moving to the 450 °C
film the size of the grains in the compact layer suffers a significant increment (of around
150% with respect to the former films), which seems to induce a not so compact top
layer, with small voids between grains. However, the most astonishing feature is again
the formation of the porous layer in contact with the substrate, independent of the
particular choice of substrate, here glass or amorphous quartz (as shown formerly in
Figure 2), or sulfuration temperature. Taking a closer look at this porous layer, it is clear
that it is formed by bunches of grains with a size that is similar to that of the grains in
the compact layer. As already noted, they are separated by empty volumes, justifying
the denomination “porous layer”. Nevertheless, these bunches of grains are connected
by what appears an amorphous phase, resulting in a very surprising strong adhesion of
the film to the substrate. We tried to detach several films from their substrate by using
Scotch® tape, and only small portions of a few of them were removed (same experience
was repeated with the initial metallic Fe films with equivalent results). Figure SI 4
shows some fragments of pyrite films removed from glass substrates. Amorphous
phases have previously been observed by TEM as located at the boundaries of the pyrite
grains [24]. We would like to remark that the presence of this amorphous phase in the
porous layer is independent of the chosen substrate, and therefore, of the presence of
some impurities like Na. In principle, this situation is different to that reported
previously [24], where a sodium pretreatment applied before the sulfuration could

eliminate the amorphous secondary phase present around the grain boundaries.

11
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One additional and significant morphological issue is related to the thicknesses
of the pyrite films and their layers when compared to the thickness of the initial Fe
layers. Taking into account the density, molecular weight and chemical composition of
pure Fe and pyrite, the complete sulfuration of an Fe thin film of constant area will turn
it into a pyrite film ~3.45 times thicker than the Fe one (no consideration about the film
crystallization has been done in this calculation). Figure 4 (a) shows the thicknesses of
the two layers forming the pyrite thin films deposited on glass and their sum, i.e., the
film total thickness, beside that of the initial Fe layer. In the first place, we note that the
total thickness of the film sulfurated at 250 °C is slightly lower than the calculated value
(dashed lines in the figure). The opposite happens at the higher sulfuration temperatures
(350 °C and 450 °C). These discrepancies are probably related to the crystallization of
the pyrite films, as it will be discussed in the following paragraph. But perhaps, the
most remarkable fact in the Figure 4a is the similarity between the porous layer
thickness and that of the original Fe film. All those characteristics appear to be
independent of the substrate used to grow the pyrite films. In Figure 4b, experimental
data from pyrite films deposited on glass and amorphous quartz at two different
sulfuration temperatures are presented. For a better and easier comparison, we have
selected Fe films of the same thickness for both substrates at the same sulfuration
temperature (open circles in Figure 4b). The thicknesses of the two layers forming the
films are quite similar for both substrates at each sulfuration temperature and, similarly,
the total thickness of the films at the same T;. It is worthwhile to note again that the
porous layers of the pyrite films that have evolved on quartz after sulfuration also
exhibit thicknesses that are quite similar to those of the Fe films before their sulfuration.
Figure 4c shows the relative thickness (thickness of the sulfurated film/ thickness of the

original Fe film) of samples on glass as a function of their sulfuration temperature in a

12
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wide range of values. Results obtained by applying conventional techniques
(profilometry) are compared to data from TEM observations. The relative thickness is
temperature dependent for the lower sulfuration temperatures and remains almost
constant for Ty = 350°C. In this temperature range profilometry yields higher values
than those from TEM images and also higher than the calculated ones (dashed lines)

when Ty = 300°C

The observed deviation of the film relative thickness from its calculated value
was already reported [25] and just explained as a conséquence of the pyrite film
recrystallization taking place between Ty of 350 °C and 400°C. No knowledge of the
formation of porous and compact layers was then available. The current TEM cross-
sectional images offer a new explanation in addition to the pyrite recrystallization: the
formation of a porous layer with voids will induce a larger thickness of the pyrite film
than that expected for a compact one. Additionally, we note that TEM images of the
compact layer shown in Figure 3 illustrate how for high sulfuration temperatures
(=450°C) the well-formed pyrite grains leave some empty space between some of their
boundaries (compared to lower temperatures), which would induce an even larger
deviation of the relative film thickness. Therefore, we may summarize this point by
saying that at least two factors may contribute to increase the relative thickness of the
films: their crystallization improvement on increasing T (due to the grain size increase)

and the formation of a porous layer with a thickness very similar to that of the initial Fe

film.

Figure 5 shows the crystallite and grain size of the films as a function of their
sulfuration temperature. Grain sizes have been determined from TEM images; average

values from samples on both substrates are given. The grain size values reported in

13
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Figure 5 are from both the compact and the porous layers of the films. No significant
difference of that parameter was found between them. In addition, we note that no
relevant influence of the substrate type was observed. Results from [41] are also plotted
for comparison purposes. We must note, however, that the grain size values reported by
Ares et al. (obtained by AFM observations) are from the film surface while in our
measurements we were able to probe the bulk of the films with improved statistics.
Crystallite sizes were determined from the XRD patterns by applying the Scherrer

formalism to several of the diffraction peaks and from TEM data.
2.3. Stoichiometry and impurities: influence of the substrate

Up to this point, we have shown and discussed a set of characteristics of the pyrite films
that is common to all of them, independent of the particular choice of substrate used to
grow the films. Instead, the most significant experimental parameter appears to be the

sample sulfuration temperature.

However, important differences from the compositional point of view have been
found between pyrite films grown on quartz and on SLG substrates. Figure 6 shows the
TEM-EDX mapping of a sample on amorphous quartz sulfurated at 300 °C. Only Fe, S
and O were detected. The average of the atomic composition has been estimated for the
compact (table on the left) and for the porous layers (table on the right). In the first
place, we note that the concentration of oxygen is larger in the porous region than in the
compact one (~18% and ~2.5% atomic concentration, respectively). TEM lamellas have
been exposed to the ambient atmosphere during their transportation from the SEM
instrument to the electron transmission microscope, so a partial oxidation of the lamella
is expected. Oxygen contamination from the substrate must be disregarded due to the

thermal stability of quartz at the sulfuration temperatures used in this work. Therefore,

14
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the high oxygen concentration in the porous layer must be related to its larger effective
area due to the voids separating grains groups. As a consequence, more active sites
sensitive to oxidation by air would be present. In relation to the contents of sulfur and

iron of both zones, the compact layer shows a ratio S / Fe ~2.2, slightly higher than the

expected stoichiometric ratio of 2.0 for pyrite. However, this ratio rises to ~2.8 in the
porous layer, indicating a significant excess of sulfur. Moving towards the films on SLG
substrates, Figure 7 shows the equivalent TEM-EDX measurements taken on a sample

sulfurated at the same conditions as the previous one (Ty = 300°C). As before, the
compact layer presents a stoichiometry similar to that of pure pyrite (S / Fe ~2.2) with
limited traces of Na (~3%) and O (~5%), while the porous layer presents important
deviations. Here, the S / Fe ratio is about 3.7, the O content increases up to ~ 40% and

that of Na up to ~20%, i.e., almost 60% of the material contained in the porous layer is
not atomically constituted by the chemical elements that form pyrite. The presence of
such amounts of oxygen in the porous layer may only be partially justified by the
exposure to air during the lamella transportation, and, therefore, we have considered
that the rest (~20%) 1s due to oxygen diffusion from the glass substrate into the film, an

amount quite similar to that of Na.

It is already known [25] that glass containing alkali impurities (such as Na) has a
weakened O-Si network: some Si-O-Si bridges are broken, and thus some of the O
atoms are located at the free end of separated tetrahedrons (Si-O- non-bridging oxygen
atoms), facilitating their high mobility. Simultaneously, Na" ions located at the central
part of this broken network also present high mobility [42—44]. The diffusion of Na and
O through the pyrite films coming from the SLG substrate and their effects have been

reported in terms of accumulation at the films surface [25], marcasite phase formation

15
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inhibition [29,37] and its influence on the film doping [15]. However, to the best of our
knowledge there are no previous works dealing with the Na and O distributions through
the cross-section of the sulfurated Fe films. Therefore, we think that the following
description will help to understand the chemical and physical processes of the Na and O
interaction with pyrite. Figure 8 shows the Na atomic concentration as a function of
depth for three pyrite films on SLG substrates obtained at three different sulfuration
temperatures: 250, 350 and 450 °C. In all cases, the Na concentration reaches its
maximum at the frontier between the porous and the compact layers, subsequently
decreasing and stabilizing at ~1-2 % in the compact region. As asserted before, Na
mainly accumulates at the boundaries of the pyrite grains and at the voids between them
(in both compact and porous layers), seemingly confirming that Na mainly diffuses

through the grain boundaries of pyrite [25].

More details regarding the different chemical elements distribution in the films
are given in Figures 9a and b. These figures show the EDX scan line across the porous
and compact layers for two samples sulfurated at T; = 350°C on quartz and SLG
substrates, respectively (for the sake of simplicity only Na, Fe, and S signals are shown,
see Figure SI 5 for the O EDX signal). As can be appreciated in Figure 9b, Na is
mainly accumulated in the porous layer decreasing its concentration through the
compact one, where it reaches very low values. Moreover, S and Fe concentrations in
the two samples follow a very similar behavior: both show two maximum within the

porous layer and remain almost constant in the compact one. In the porous layer, the
S / Fe Tatio (black circle symbol in Figure 9) is ~2 inside the pyrite grains but sharply

increases between them. The cause of this sulfur excess cannot be entirely related to the

presence of Na, since pyrite grown on quartz also shows a sulfur excess in the space

16
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between grains (see Figure 7b). Additionally, it is clear from Figure 9 that the S/ Fe

ratio is ~2 in the whole compact layer on both substrates.

In spite of the detected excess of sulfur at the grain boundaries of both layers,

the experimental data already presented seem to indicate that well-formed pyrite grains,
with an almost stoichiometric / Fe ratio, constitute the samples. However, some

differences in the chemical state of the grains forming both layers have been observed.
Figure 10 shows the EELS spectra of the Fe L3 (a) and S L,3 (b) edges for pyrite
grains in the compact and porous layers from samples deposited on SLG and quartz
substrates sulfurated at 300 °C. The spectral shapes of the respective S and Fe edges are
almost equivalent for both layers and substrates, corresponding to pyrite [45]. However,
the porous layer Fe L, 3 edge shows small differences between the sample on SLG and
that on quartz. Figure SI 6 shows the spin-orbital separation between the Fe 2p;, and
2pi,» contributions (AE Fel,3) and the intensity ratio of both contributions. The two
parameters behave as expected when signals from the compact layer are considered (AE
FeL, 3 is very close to the typical value of ~12.05 eV and the intensity ratio is around 2).
However, for the porous layer we see a considerable difference between the values of
both parameters depending on the sample substrate. The films grown on quartz behave
as expected; however, the porous layer of the film on SLG yields values of both
parameters, which are much higher than the expected ones. These two variations
indicate that an enhanced oxidation of the pyrite grains in the porous layer of the sample
on the SLG substrate has taken place [46]. This result agrees with those from EDX
analysis already presented, which showed a high oxygen concentration in the porous

layer of the film deposited on glass.

It was shown before that even for the compact layer the average chemical

17
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composition of a large area showed an excess of sulfur. This is in line with the results
from EDX measurements, which give an average for the whole film. In addition, S 2p
X-ray photoelectron spectroscopy (XPS) spectra showed similar surface results from
samples grown by this sulfuration route [25], regardless possible sulfur condensation on
their surface during the cooling process [47]. It was then proposed that the excess of
sulfur was mainly formed by sulfur with a coordination number different to that
presented in FeS, or even to unbounded sulfur or polysulfides. This behavior of sulfur
has been reported to occur in pyrite thin films on both SLG and Na-free substrates
(amorphous quartz and alumina) [25,48,49]. Thus, our present results seem to suggest
that this excess of sulfur is due to some intrinsic process closely related to the formation
reactions of the pyrite thin films. As has been shown, the sulfur excess is concentrated
along the grain boundaries of the polycrystalline thin films while the grains present a
unique pyrite phase with good stoichiometry. The presence of Na diffused from the
SLG substrates would promote the fixation of S and the formation of Na-S-O
compounds mainly accumulated in the grain boundaries of the porous layer. These
experimental facts might explain that the presence of this alkali scarcely affects the

macroscopic properties of pyrite thin films.

2.4. Insight on the formation mechanism of pyrite thin films by sulfuration of Fe thin

films

The formation mechanism of pyrite thin films is still an open question. In part,
this is due to that many synthesis routes can be followed and the final morphological,
structural, etc. characteristics of the films will depend on the selected experimental
parameters in each one of the growth methods. Focusing on the sulfuration of Fe thin
films, we have shown in this work that the pyrite films have a complex bilayer

morphology. This finding might give worthy information about the pyrite formation
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mechanism by sulfuration of Fe films.

A common feature to all the films sulfurated at different temperatures on either
SLG or amorphous quartz substrates is the formation of what we have called the porous
layer in contact with the substrate and with a thickness that is quite similar to that of the
initial Fe film. This layer has a few grain groups within an extended empty volume. The
formation of these localized voids in the porous layer must be the result of the Fe
sulfuration process. In fact, nothing similar has been seen to exist in the Fe films before
their sulfuration, see Figure 1. This experimental finding clearly suggests that some
variation of the Kirkendall effect is active during the sulfuration: the diffusion of iron
atoms from the film bulk to its surface is accompanied by diffusion of Fe vacancies in
the opposite sense [50]. According to the work presented by Smigelkas and Kirkendall
[51], the differences on the diffusivities of the different components in a diffusion
couple (classically two metals) may lead to the formation of voids in the region
occupied by that material of higher diffusivity. The larger flow of matter in one
direction is balanced by an opposite flow of vacancies, which may condense in the form
of voids. This basis has been extended to solid/gas or solid/liquid interfaces and, in
particular, to the formation of oxides and sulfides of metals. Particularly, the Kirkendall
effect at the nanoscale was first explored by Alivisatos and co-workers to synthesize
hollow nanostructures based on Co oxides, sulfides and selenides [52]. More recently,
this approach has been extended to other materials as Pb [53] and Fe, in the last case to
achieve FeS nanotubes from hematite nanorods after a sulfuration process carried out
with H,S [54]. These examples show that the Kirkendall effect may play an important

role in the formation of pyrite films by sulfuration of Fe films.

In the current work, we have only presented a schematic and very qualitative

description of the processes that may contribute to the Fe film transformation into a
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pyrite film. However, based on the former experimental results, we are just trying to
elaborate a full formulation of the reactions taking place during the growth of a pyrite
film [55]. The basis of this formulation are the following: the S; molecules in the sulfur
vapor ionizes in S at the surface of the metallic film and react with Fe, firstly forming
a monosulfide (Fe,«S, pyrrhotite) layer [55]. The work from A. Pascual et al. shows the
existence of these intermediate phases (hexagonal and orthorhombic pyrrhotite) by
stopping the sulfuration process at different times, and by in-situ study of the phase
transition effects on the transport properties of the films [36]. Besides, by this same
experimental method different sulfuration degrees can be obtained by controlling the
kinetics of the monosulfide to disulfide reaction step, as shown in [25,36,56], what
makes pyrrhotite a hard phase to detect except for very well determined experimental
conditions. Thus, during this first step of the reaction, the observed Kirkendall effect
(the porous layer formation) would be due to a significant difference of the diffusion
rates of the iron of the original film and the sulfur ions in the surrounding atmosphere.
This unequal diffusivity leads to the formation of voids at the Fe film-substrate interface
that gradually increase in size as the reaction takes place. As shown, this process is
independent of the substrate (reflected here for glass and quartz substrates, selected by
their different interaction with the film in terms of elemental diffusion [15]). Besides,
the thickness of the porous layer allows discarding a substrate-layer interaction effect to
explain the presence of this porous layer. Finally, the initial compact morphology of our
polycrystalline metallic iron film also dismisses a direct evolution of voids from the as
deposited layer, as it may occur with other deposition methods, as spray pyrolysis [57]

or spin coating [24].

Once the Fe is completely transformed into Fe S, the sulfuration process leads

to a full conversion of this monosulfide into the pyrite phase, FeS, [36,55]. Gradually,
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the empty layer could collapse and be partially filled with pyrite grains forming the
porous layer (with very similar thickness to that of the initial metallic film). Besides,
due to the high temperatures (>200 °C) and times (20h) of the sulfuration process, some
grains would aggregate improving the adherence of the film to the substrate. The S
excess at the grain boundaries could be well justified because of the S diffusion
precisely through the boundaries, leading to the amorphous phase formed by
polysulfide, S-rich Fe; S species or even unbounded sulfur. On the other hand, the
higher concentration of S at the porous layer could be explained due to its reaction with
other elements forming S-O and S-Na-O compounds (depending on the substrate). As
pointed out previously [25], the Na diffusion could be activated once the Fe is
sulfurated. A very similar trend will follow the O atoms diffused from the substrate to
form some amorphous phase of S-Na-O based compounds at the boundaries of the

voids.
4. Conclusions

The synthesis of pyrite films by sulfuration of Fe films appears to be a
straightforward experimental process; however, it seems to be very complex from a
chemical point of view. The present investigation provides a description of the pyrite
thin films obtained at different sulfuration temperatures and deposited on different
substrates. New hints to understand the synthesis process have been provided, enabling
an increased control of the film bulk properties. TEM cross-sectional images show some
common features to all films, independently of their sulfuration temperature and the
elected substrate: 1) the pyrite films are composed by two layers, one more compact and
thicker and a second one, which is quite porous, in contact with the substrate and with a

thickness similar to that of the original Fe thin film. The grains of both layers are almost
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equal in terms of size, stoichiometry, and structure, supporting the idea of a common
formation process. 2) the pyrite films present an excess of sulfur, which is localized at
the grain boundaries. Both findings support the proposal that the Fe sulfuration process
induces the formation of a porous layer may be regarded as a manifestation of the
Kirkendall effect operating in the synthesis of pyrite thin films in the range of hundreds
of nanometers. In addition, the distribution of sodium and oxygen diffused from the
glass substrates into the pyrite films has been investigated, what led us to conclude that
the porous layer acts as a physical barrier reducing the O and Na concentration in the
compact layer. Sodium that mainly diffuses through the film grain boundaries barely
dopes the pyrite grains and, hence, reduces its influence on the macroscopic properties

of the film.

In the light of our present results, some very interesting questions remain
unanswered or even just suddenly appear. Perhaps the most pertinent of these questions
is that a future elaboration of a model of the formation mechanism of pyrite thin films
should address processes that would lead to the appearance of the Kirkendall effect. At
the same time, the so far hidden porous layer might significantly affect the transport
properties (electrical and thermal) and other macroscopic parameters (such as optical
ones) of pyrite thin films. Consegently, future work should elucidate the influence of
this porous layer on the pyrite thin film properties, which might be relevant for a

selected application of interest.
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Figure 1.

Figure 1. a) and b) cross-sectional SEM-FEG images of Fe metallic thin films
deposited on SLG substrates. Thicknesses of the Fe metallic thin films of a) ~134 nm
and b) ~182 nm are given in the images.
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Figure 2.
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Figure 2. a) and b) cross-sectional SEM images of pyrite thin films grown at 300 °C on
a) SLG and b) quartz substrates, respectively. The two different layers composing the
films are indicated by the respective labels. ¢) X-ray diffraction patterns of pyrite films
shown in a) and b). Pyrite diffraction peaks are indicated. d) Diffraction pattern of a
single pyrite crystallite (grown on SLG) obtained by TEM, where <220> and <111>
orientations are indicated.
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Figure 3.

— 20 NM — 20 NM

Figure 3. TEM images of pyrite thin films sulfurated at a) 300 °C on quartz, b) 350 °C
on quartz and c) 450 °C on SLG substrates. Left column shows an overview of the
whole film, where red and green rectangles indicate the porous and compact layers,
which are zoomed in the central and right columns.
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Figure 4.
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Figure 4. a) Total thickness of pyrite films (black triangles), thicknesses of compact
(green square) and porous (red circle) layers, and initial thickness of Fe films (open
circles) as a function of their sulfuration temperatures. b) Samples grown on SLG and
quartz substrates are represented by stuff and semi-stuff symbols, respectively. c)
Variation of the relative (thickness determined by TEM and profilometry) of sulfurated
films on SLG substrates with sulfuration temperature. The dashed line (and their gray
background as allowed uncertainty) represents the expected relative thickness of the
films.

32



Journal Pre-proof

Figure 5.
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Figure 5. Crystallite (open symbols) and grain (filled symbols) size of pyrite thin films
as a function of the sulfuration temperature estimated by applying the Scherrer formula
to the (200) diffraction peak and from TEM images. The corresponding film substrate
and the data source are shown in the graph legends. Data from Ares et.al. (obtained
from XRD and AFM data) are also plotted. The curves in the figures are only a guide
for the eyes.
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Figure 6

Element At. Con (%) Error in % Element At. Con (%) Error in %
(1 sigma) (1 sigma)

Sulfur 67.0 17 Sulfur 60.7 1.8
Iron 30.6 1.4 Iron 21.4 12
Oxygen 2.4 0.1 Oxygen 17.9 0.4

Figure 6. TEM images of a lamella prepared from an Fe film sulfurated at 300 °C on
amorphous quartz. a) General overview of the complete pyrite layer (TEM-HAADF
image) and b) same image colored by the overlapped EDX mapping. Orange rectangles
delimit the compact (1) and porous (2) layers analyzed by EDX. The corresponding
average atomic concentrations are shown in the tables at the bottom: left, compact layer;
right, porous layer. c¢) and d) zoomed TEM-HAADF images of the compact and porous
layers colored with the EDX mapping, respectively. Bottom right corner inserts
correspond to the original TEM image.
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Figure 7

)

Element At. Con (%) Error in % Element At. Con (%) Error in %
(1 Sigma) (1 Sigma)

Sulfur 62.7 16 Sulfur 31.2 il
Iron 28.7 183 Iron 8.4 0.8
Oxygen 56 0.1 Oxygen 40.2 1.0
Sodium 3.0 0:1 Sodium 20.2 0.7

Figure 7. TEM images of a lamella prepared from an Fe film deposited on SLG and
sulfurated at 300 °C. a) General overview of the complete pyrite layer (TEM-HAADF
image) and b) same image colored by the overlapped EDX mapping. Orange rectangles
delimit the compact (1) and porous (2) layers analyzed by EDX. The corresponding
average atomic concentrations are shown in the tables at the bottom: left, compact layer;
right, porous layer. c¢) and d) zoomed TEM-HAADF images of the compact and porous
layers colored with the EDX mapping, respectively. Bottom right corner inserts

correspond to the original TEM image.
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Figure 8
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Figure 8. Sodium EDX line scan of pyrite films grown on SLG at a) 250 °C, b) 350 °C
and c¢) 450 °C. Insert images correspond to the TEM-HAADF image of the complete
pyrite films. Vertical dashed lines indicate the frontier between substrate, porous and
compact layers, as indicated above.
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Figure 9
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Figure 9. TEM-EDX line scan of pyrite films grown on a) quartz and b) SLG substrate
sulfurated at Ts = 350°C. EDX signals from Na, Fe and S are shown as continuous

lines (left axis), whereas a symbol-dashed line represents S/ Fe Tatio (right axis). As

indicated, vertical dashed lines correspond to the frontier between substrate, porous and
compact layers.
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Figure 10
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Figure 10. a) EELS Fe L,3 edge spectra of pyrite grains in the porous and compact
layers of samples sulfurated at 300 °C on SLG and quartz substrates. b) The same for S
L, 5 edge.
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