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Formation of pyrite (FeS,) thin films by thermal sulfurization of dc

magnetron sputtered iron
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Department of Electrical Engineering, University of Nebraska Linceln, Lincoln,

Nebraska 68588 0511
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Iron films deposited by direct current magnetron sputtering onto glass substrates were converted into
FeS, films by thermal sulfurization. Experiments were carried out to optimize the sulfurization
process, and the formation of FeS, thin films was investigated under different annealing
temperatures and times. High quality FeS, films were fabricated using this process, and single phase
pyrite films were oblained after sullurization in a sulfur and nitrogen atmosphere at 450 °C for 1 h.
Film crystallinity and phase identification were determined by using x-ray diffraction. The cubic
phase pyrite films prepared were p-type. and scanning electron microscopy studies exhibited a
homogencous surface of pyrite. The authors have found that the best Ohmic contact for their pyrite
thin films, using inexpensive metals, was Ni. The following were chosen for the study: Al Mo, Fe,
and Ni, and the one that led o the lowest resistance, 333 £}, was Ni. © 2011 American Vacuui

Society. [DOL: 10.1116/1.3517739]

I. INTRODUCTION

Much interest has been focused on highly absorbing and
photoactive semiconductors o be used in ultrathin and flex-
ible solar cells, As an optoelectronic or photovoltaic mate-
rial, cubic (pyrite) FeS, is receiving growing attention be-
cause of its promising potential for such applications.'? In
addition, its abundant. inexpensive. and nontoxic compo-
nents are also the reason for the enormous interest in pyrite
as an absorber material for thin film solar cells.® Many tech-
niques for thin ilm preparation have been investigated in
order o obtain suitable pyrite films *~'* These studies have
indicated that the character and quality of the films are
strongly dependent on the process parameters used in prepar-
ing the films. Therefore, special attention must be devoted to
the effects of these process parameters on the formation of
pyrite thin films prepared by synthetic techniques. Despite
this, the conversion efficiency of FeS, solar cells has not
exceeded 3%." The reason for the low value can be attributed
to phase impurity and contact problems, among other things.
That is, FeS, can crystallize not only into a cubic pyrite
structure, but also into an orthorhombic metastable marcasite
structure.  Therefore, new and improved techniques are
needed (o resolve these problems. Morcover, a simple
method should also be developed such that the growth of
pyrite thin films can be made onto large areas.

In this article, an inexpensive alternative method based on
the thermal sulfurization of metallic Fe films deposited using
direct current magnetron sputtering is described. The experi-
mental conditions required for growing FeSs films and the
influence of the sulfurization parameters on their structural,
optical. morphological. and electrical properties are dis-

cussed. Variations of the deposition and sulfurization tech-
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niques listed above were used to seek the best possible
method to fabricate a thin film iron pyrite solar cell absorber.

Il. EXPERIMENTAL PROCEDURES

Fe films were deposited using direct current (de) sputter-
ing of an Fe target (99.99% pure) onto soda lime glass sub-
strates al ambient temperature. The average thickness of the
as-grown Fe films was 200 nm. Sulfurization of such films
has been done in the past in sealed quartz 11|11[)0LI|CH.H " The
process reported there required vacuum evacuation of the
ampoule “at least five times before sculing."H The films
were then sulfurized for 20 h, The process used in our study
was much simpler, taking much less time and incurring much
less expense in a photovoltaic fabrication process.

In order to form pyrite, the Fe films were sulfurized in an
open tube furnace at different temperatures and time dura-
tions in a sulfur and nitrogen atmosphere. The Fe on glass
film along with elemental sulfur was placed in a graphite
boat. similar to that discussed in a previous article on the
selenization of Cu—In-B thin films."® The graphite boat was
placed in a quartz tube in a furmnace. One end of the tube was
vented to the atmosphere and. in order to prevent oxidation.
a slow rate, 2.36 I/min, of N5 gas was flowed over the struc-
ture. The furnace temperature was rapidly raised at a rate of
60 K/min to attain the annealing/sulfurization temperature
and was typically kept there for 1 h: exceptions to this time
are described in the text. The furmace heater was turned off
and the temperature was allowed to attain room temperature
before the sample was removed from the furnace.

After sulfurization, the thickness of the films increased to
an average of 300 nm. X-ray diffraction (XRD) was the tech-
nique most relied on to determine the quality of the FeS; thin
films. Only those films that had diffraction peaks that directly
matched the powder diffraction standards were considered to
he of the quality desired. Optical absorption of these films
was then further studied using a Perkin Elmer Lambda 9
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Fiii. 1. (Color enline) XRD pawerns of the Fe films samples after sulfurizing
and annealing for 1 h each: (a) Fe film. (b) 300 “C, (¢) 350 "C. (d) 400 "C,
() 450 "C, and (11 500 “C. The peaks labeled P are or pyrite. FeS peaks
are labeled as such. and the iron peaks for the unsulfurized material are
labeled Fe.

UVivis near infrared spectrometer. From these data. Taue
plots were made to determine the band gap. The scanning
electron microscopy (SEM) was used 1o determine surface
morphology and semiquantitative composition was obtained

using Auger electron spectroscopy (AES). The resistivity and

measure of Ohmic contact quality were the electronic mea-
surements performed on these films.

Ill. RESULTS AND DISCUSSION

Figure 1 shows XRD patterns of the Fe film alter sulfur-

ization al different temperatures: all sulfurization times were

1 h long. For the as-deposited iron film grown al ambient
Lemperature, two clear diffraction peaks were observed, indi-
cating that the iron lilms grew with some order. A well de-
fined (100) peak and weaker peak corresponding o the (200)
planes were observed. Films sulfurized at the low end of the
temperature range, 300 “C. show an x-ray diffraction peak
corresponding to both FeS and FeS, (cubic phase) and pos-
sibly some other peaks. These results were as expected since
the original Fe films had reasonable crystalline order. The
dotted lines are FeS, (the ASTM card is 42-1340) and the
locations of FeS peaks (the ASTM card is 02-1241) for the
XRD patterns are listed. These powder diffraction results are
shown for comparison of annealing/sulfurization process at

different temperatures and different time intervals.

As can be seen. the sulfurizing temperatures of 350 °C
and 450 " C vielded films with just cubic FeS,. Interestingly
enough, the intermediate temperature of 400 “C yielded a
peak that can be attributed to FeS. This experiment was re-
peated with the same results. No explanation for this is
known at this time. For the two temperatures of 350 “C and
450 C. the XRD patterns gave no hints of other phases such
as pyrrhotite, FeS. sulfur, or iron. In the case of sulfurization
at 450 “C, the XRD peaks were very strong, narrow, and
with high intensity. The XRD peaks can be indexed 1o sev-
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Fic. 2. {Color online) XRD patterns of the film samples processed at
400 7C aler sulfurizing at constant temperature with different time dura-
tions illustrating that 2 h appears to be better for this emperature. The upper
curve is from the sample grown for 2 h.

eral planes of the cubic phase of FeS; (see Fig. 2 for identi-
fication ol these planes). Sulfurizing at 7=300 “C results in
additional phases reappearing and along with weaker pyrite
reflections. The peaks at 20=43" and 52 are attributed 10
Troilite. another form of FeS.

With the exception of the flm sulfurized at 350 “C, the
trend 1s o oblain purer pyrite (ilms at higher lemperatures
until 450 “C. Above this temperature, at least in steps of
50 °C, the films show additional FeS phases. The most
likely cause for this is the high temperature decomposition of
the pyrite.

Figure 2 shows XRD patterns of the de Fe film sulfurized
al 400 “C for 1 and 2 h durations, When sulfurizing at
400 " C for 2 h, the relatively broad peak at 260=26.03" has
disappeared. Thus, it can be stated that this longer time du-
ration at 7=400 "C is sufficient o lead to the formation of
the p
cubic phase of FeS,. The sulfurizing time dependence was
examined for the film that vielded the best results for 1 h.
7=450 "C. Figure 3 shows XRD profiles of the Fe film sul-
furized at 450 “C for different time durations. Increasing the
sulfu
ity as noted by the spreading and lowering magnitude of the

ite cubic phase and all the diffraction peaks match the

zing time for this temperature decreases the film qual-

peaks. This spreading and lowering indicates a smaller crys-
tallite size that leads o more grain boundary recombination
and lower current flow for photovoltaic applications. The
ratios of peak intensities shown in Fig. 2 were measured
where the most intense peak. which is the one from the (200)
plane, is selected as the reference peak that was compared
with the (210) and (311) peaks. The intensity ratio of (210)
and (311) diffraction peaks to the (200) peak are almost same
for the pyrite films suflurized for time durations of 2 and 3 h.
However, the peaks representing the (210) and (311) planes
were broader at these longer sulfurization times than those
with a 1 h processing time. The full width at half maximum

ons.orgivstafaboutitights_and perr
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Fig. 3. (Color online) XRD paterns of the flm samples processed at
450 7C after sulfurizing at constant temperature with different time dura-
tions illustrating that 1 h appears to be the best for this temperature. From
bottem to top curves. the time durations are monotonically increasing in 1 h
increme ns.

of the XRD peaks for the sulfurized Fe films increased with
time duration. ther peaks. such as cubic pyrite phase dif-
fraction peaks (222), (230), and (321), gradually disappear
with increasing time duration.

Apparently, the additional time of sulfurization is needed
al lower temperatures, but it is undesired at higher tempera-
tures. The full width at half maximum of the diffraction
peaks is an indicator of the film quality such that it is be-
lieved that the peak broadening is a consequence of smaller
crystallite size. As stated above, for photovoltaic applica-
tions, the greater the crystallite size. the lower the grain
houndary recombination and the higher the current output.

The morphologies of the pyrite thin films were studied in
a field emission electron microscope. The films that exhib-
ited the best XRD results were formed of small crystallites.
Figure 4a) is an example of the surface of a ilm. which was
sulfurized at 450 “C for 1 h. and it gppears to consist of
small, nearly spherical erystallites. The surface shown in Fig.
A(b) is of another film sulfurized at 400 " C for 2 h. Although

(b)

(a)
Fic. 4. (Color online) SEM morphologies show ing nearly spherical surface

crystals for the test films sulfurized from Fe lavers at (a) 450 °C {1 h) and

(h) 400 °C (2 h).
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Fic. 5. (Color enline) Taue plots for the samples processed at 330 and
450 °C illustrating the optical gap is nearest the accepled value of 0.95 eV
for the film processed at 430 "C.

the properties of the films are quite different. the surfaces are
very similar. Figure 5 shows Tauc plots for the Fe films sul-
furized at 330 and 450 “C. the two samples that exhibited
only cubic FeS, peaks in the XRD measurements. The trend
line for the linear portion of the curves for both films is also
shown in Fig. 5. It can be seen that the Taue band gap is as
expected at 0.97 eV for the film sulfurized at 450 " C, but it
is higher at 1.10 €V for the film processed at 350 7 C. These
results are just the opposite as that seen in sulfurized flash
evaporated iron, where the Llpplu ent band g
lower processing temper atures.'” The transmission, 7. and
rellectance, R, of the photons al varying wavelengths were
measured, and the absorption coellicients, «. ol these (ilms

gap decreases for

were determined in the spectral region of fundamental ab-
sorption by the following relationship:
1 | 1-R

cr*;ln 7 i (1)

where d is the film thickness. The plul in Fig. 5 of (ahv)* vs
hve for a direct band gap was used”

The spectra for the various films showed clear absorption
edges. This indicates that the films have a crystalline nature
possibly with uniformity in optical properties. The band gap
in sulfurized Fe thin films are somewhat higher than the
values found in the literature,'® 1.13 ¢V (300 “C). 1.10 eV
(350 “C). 118 eV (400 “C). 0.97 eV (450 “C). and 1.13 eV
(500 "C). although the films processed at 450 “C all had
band gaps very close to the accepted value of 0.95 eV, Again,
the films processed at 450 “C appear to be superior to those
processed at other temperatures such that the band gap more
nearly matches that of pure
repeatedly run with the same results. within a margin of er-

pyrite. The experiments were

ror.

The chemical analysis of the films was carried oul using
AES. Of importance here is that the sulfurized Fe thin films
exhibited AES depth profiling results where the signals were
relatively constant throughout the entire film. Figure 6 is a
depth plot of the Auger spectrum. The Fe:S ratio obtained
from the spectrum when initially performed was not what
was expected, i.e.. 1:2, but this was an uncalibrated value. In
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Fii. 6. (Color online) Depth profile AES spectrum of pyrite thin film grown
at 450 “C illustrating the uniformity of the composition and the possible
presence of oxygen.

order to be assured that the samples were actually FeS,. a
standard pyrite cryvstal of 999+ % pure FeS, was purchased.
Knowing the content of the sample inserted into the Auger
system allowed the sensitivity factors for Fe and S to be

adjusted. so that the depth profile indicated that the pure
pyrite sample was FeS,. It can be seen in Fig. 6 that the ratio
of S to Fe in the film is 2:1 within experimental error. as
expected. The film appears to contain a small amount of
oxygen. but the amount is not known exactly. The oxygen
level seen in Fig. 6 may just be actually lower, which appears
as a consequence of the fact that in depth profiling n AES.
oxygen can collect on the surface between sputtering runs.
Oxygen also appeared. o a small degree. in the pure FeS,
sample.

However, it is believed that oxygen is actually present in
the films to some degree, but the actual level is unknown. In
pyrite
laboratory.” the films were n-type. which was attributed to
possible oxygen content. In any case. the depth profile of the
AES spectra shows that the as-deposited and pyrite thin films
are quite uniform throughout the film and appear to have a S
to Fe ratio of 2:1.

The Fe films that were sulfurized at 450 °C (time dura-
tion of 1 h) and 400 “C (time duration of 2 h) were all
p-lype semiconductors. as determined by the hot point probe

films created by nonvacuum  processes  in o this
}

technique. The p-type conductivity could be produced by an
excess of Fe vacancies. which behave as acceplor states with
energy levels near the valence band, although other possibili-
ties cannot be disregarded. Electrical resistivity measure-
van der Pauw
method. The room temperature resistivity of p-type pyrite
thin films prepared at 450 “C (1 h) was 0.50 ) cm. and that
at 400 “C (2 h) was 058 £ cm.

ments have been made by applying the

IV. OHMIC CONTACTS

It was shown by Schieck er al" that platinum makes a
very good Ohmic contact to p-type iron pyrite, where Cu and
Au both exhibited nonlinear current-voltage characteristics
and Al and Pt were linear at currents in the microampere

J. Vac. Sci. Technol. A, Vol. 29, No. 1, Jan/Feb 2011
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Fic. 7. (Color online) Linear [~V characteristics of the FeS,—metal con-
tacts, Al Moo Fe. and Ni illustrating that Ni vields the lowest resistance
Ohmic contact.

range. However, the resistance of Pt was considerably lower
than that of Al 75 £} for Pt as opposed o 667 € for Al In
order o find a good Ohmic contact for our films. which
would be much less expensive than P the [ollowing were
chosen for study: Al Mo, Fe. and Ni. The results of the
current-voltage characteristics made using these metals on
these films are shown in Fig. 7. Although cach metal pro-
duced a linear current-voltage characteristic, Ni is seen o be
the best with a resistance of 333 ). This
but is the best of this group, which is not surprising since the

not as good as Pt

two metals are in the same column of the periodic table.

V. CONCLUSIONS

Pyrite (FeS,) films have been prepared by thermal sulfu-
rization of previously sputtered Fe thin films. Temperature
(300-500 “C) and sulfurization time have been the main
variables utilized in this work. Formation of pyrite starts at
300 7 C with good erystallinity, but with additional phases
present as seen using XRD. The XRD patterns show that
sulfurization at 350 and 450 "C yielded pure cubic phase
pyrite films. The films produced at a sulfurization tempera-
ture of 350 "C had XRD peaks that were somewhat less
intense than those produced at 450 “C. These two sulfuriza-
tion temperatures vielded films with a better crystal structure.,
with only the pyrite form appearing in the XRD patterns.
Pvrite films have very steep absorption coefficients versus fiv

for photon energies just exceading the band gap energy and
their absorption edge (band gap) is 0.97 eV [«
temperature of 450 “C. This and an inexpensive Ohmic con-
tact make these pyrite films a promising material for photo-
v

or sulfurization

ltaic applications.
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