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Abstract: Transition metal sulphides, grown in alternate layers by Electrochemical Atomic Layer Deposition (ECALD) to form thin
films, are relevant candidates as photovoltaic materials for solar-cell production. However, the knowledge of the phase composition
of the deposited sulphide, which is a fundamental information to assign and predict its effective semiconducting properties, is often
hindered by the limited amount of material and by its morphological constraints. In the present study, an X-ray Photoelectron
Spectroscopy (XPS) and Atomic Force Microscopy (AFM) investigation of a copper sulphide thin film, synthesised according to the
ECALD method, is proposed as an alternative and efficient way to identify the deposited semiconductor. The detailed XPS analysis of
the Cu and S contents in the film points to a 1:1 stoichiometric ratio, corresponding to the CuS compound. Moreover, Cu is observed
only as monovalent, and the possible co-existence of sulphide ions and of disulphide units is inferred. Accordingly, the attribution of
the structure of the thin film to covellite, CuS, is proposed, as being the only one able to account for all experimental evidences. We
suggest that the covellite structure can be set up by spontaneous rearrangement starting from a wurtzite-type CuS deposit, driven by
the negative Gibbs energy involved in the formation of the compound from the elements. Finally the morphological characterisation

of the film confirms its spatial homogeneity, thus making the covellite film a potential candidate for solar-cell applications.
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1. Introduction

Concerns linked to the transgression of environmental
planetary boundaries (Rockstrom et al., 2009) are pre-
sently focussed on the accumulation of Green House
Gases in the atmosphere due to the consumption of fossil
fuels driven by the ever growing demand for energy. These
environmental concerns combined with increased con-
sciousness of the limited availability of base and trace
metals (Bihouix & de Guillebon, 2010) are promoting
applied research to develop renewable technologies in
order to satisfy the growing energy and materials demand
through an efficient use of natural resources.

Solar energy is the most abundant renewable source: the
radiant power intercepted by our planet is ~175 PW, four
orders of magnitude larger than the present global average
power demand of 15 TW (BP, 2011). The increasing inter-
est in photovoltaic technology is thus fully justified.
Beyond the actual commercial technologies, mainly
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based on silicon and on CIGS (Copper Indium Gallium
sulphides/selenides), binary, ternary and quaternary chal-
cogenides are considered in numerous studies as semicon-
ducting substrates able to capture and convert solar energy
(e.g., Araki et al., 2008; Oishi et al., 2008; Scragg et al.,
2008; Mellikov et al., 2009; Zhang et al., 2009).

The conversion efficiency of a material resides on its
structural and crystal chemical properties (Schorr, 2007).
Accordingly, a fundamental step in exploring if a material is
suitable for photovoltaic purposes consists in the determina-
tion of its mineralogical composition, namely in its applica-
tive form (e.g., substrate, thin film, nanoparticles,. . .). This
determination is often difficult, due to the limited amount
and to the spatial organisation of the photovoltaic substrate.

In a previous study (Innocenti ef al., 2011), an extensive
electrochemical characterisation has been carried out on
copper sulphide thin films, CuS, grown on a Ag (111)
surface through electrochemical deposition (ECALD).
Preliminary X-ray Photoelectron Spectroscopy (XPS)
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surveys pointed out the absence of divalent Cu in a deposit
having CuS stoichiometry, thus rising questions on the
achievement of charge balance. The present study is under-
taken to provide an answer through the determination of
Cu and S valence states and of the mineralogical composi-
tion of CuS, by an accurate XPS and Atomic Force
Microscopy (AFM) characterization.

2. Experimental procedures

2.1. Growth of copper sulphide thin films

The sample investigated in this study consists in a thin film
of copper sulphide deposited onto a single crystal of Ag
(111) electrode, through an electrochemical procedure
named ECALD (Electro Chemical Atomic Layer
Deposition, Gregory & Stickney (1991)). This technique
allows a layer-by-layer growth of the compound based on
the alternate surface limited deposition of S and Cu,
according to the scheme shown in Fig. 1.

The copper sulphide layers are obtained from Merck
CuCl, and Aldrich Na,S dissolved in ammonia buffer at
pH = 9.6, prepared with HClIO, (Merck) and NH,OH
(Merck). All reactants were analytical grade. A completely
automated apparatus, designed and set up in the
Electrochemical Laboratory at the Department of
Chemistry of Florence University, was used to build the
sample. This apparatus allows one to deposit single ele-
ment monolayers in a pre-ordered sequence. Details of the
technique, of the automated apparatus and of the deposi-
tion procedure are described in Innocenti et al. (2011). All
potentials in the present study are referred to Ag/AgCl/sat.
KCl electrode.

In Fig. 2a the cyclic voltammogram of 0.5 mM Na,S on
Ag (111) is shown, as recorded from —1.1 to —0.60 V. In
the anodic scan, the peak at —0.73 V (solid line) is referred
to UPD (Under Potential Deposition) of S on Ag (111),
whereas the bulk deposition (dashed line) occurs at —0.61
V. In the cathodic scan, there are two stripping peaks: the
peak of the previously deposited bulk S (dashed line)
occurs at —(0.74 V and the peak of the first layer deposited
on Ag (solid line) occurs at —0.81 V. Hence, a controlled
deposit of a monolayer of S on Ag (111) can be obtained by
exploiting a UPD of sulphide at —0.68 V for 60 s.

Figure 2b shows the cyclic voltammogram of CuCl, on a
S-covered Ag (111). The presence of a surface limited
deposition confirmed the possibility of depositing a con-
trolled amount, namely a monolayer, of copper on the S-
covered Ag. This deposit can be performed maintaining a
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potential of —0.38 V for 120 s. The reader is referred to the
study of Innocenti et al. (2011) for a more detailed inter-
pretation of the peaks of the voltammogram of Fig. 2b.
Samples of Cu,S deposited on Ag (111) were obtained
by choosing the proper potentials for the deposition of each
element and alternating the inlet of the solutions in the cell
by the automated apparatus. The investigated sample,
Cu,S, is formed by 20 copper sulphide layers, as summar-
ized in Table 1. The ECALD cycle for the binary com-
pound deposition is schematically sketched in Fig. 2c.

2.2. Characterisation of thin film samples

The XPS measurements were performed in a Ultra High
Vacuum (UHV) chamber capable of a minimal operating
pressure of ~107"° torr, using a VSW HAC 5000 system
equipped with a hemispherical electron analyser and a
single-channel electron multiplier. A conventional, non-
monochromatized Al K (1486.6 eV) primary excitation
source was used. Survey and detailed scans were carried
out with pass energies of 90 and 44 eV, respectively. Thus,
the overall resolution resulted to be 1.2 eV as measured on
a pure silver calibrating sample for the Ag 3ds/, signal.

Surface topography of the films was measured ex situ in
a dry nitrogen atmosphere, using a Molecular Imaging
AFM (PicoSPM, Molecular Imaging) operating in contact
mode, with a commercial SisN, cantilever (Nanosensors,
Wetzlar-Blankenfeld). The samples were characterized by
non-filtered 512 x 512 pixel images.

3. Results

3.1. XPS investigations

The survey scan, performed over the whole available range
of binding energies, allowed to assess the presence of silver
(due to the Ag electrode), carbon (due to contamination),
oxygen, sulphur and copper. High-resolution scans were
thus performed for all elements in the sample.

The high-resolution XPS spectrum in the S 2p region
(Fig. 3a) does not allow the resolution of the two 2p3,, and
2p1,» components: a single broad peak is observed. The
binding energy of the peak (162.1 eV) allows one to assign
sulphur to the form of sulphide (Wagner et al., 1979).
Moreover, a shoulder at lower binding energy (~161.0
eV) may be identified. This spectral feature was already
described by Pattrick ef al. (1997), investigating a sample
of unoxidised covellite, CuS. These authors attributed the
two components, in an approximate intensity ratio of 2:1,

Fig. 1. Schematic representation of the procedure of deposition of copper sulphide sample on Ag(111) by ECALD.
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Fig. 2. Cyclic voltammograms of 0.5 mM Na,S on Ag (111) (a) and 0.5 mM CuCl, on a S-covered Ag (111) (b). Scan rate 50 mV s L

(c) Diagram of a single ECALD cycle for copper sulphide deposition.

Table 1. Programme of the operations, potential and time of deposition in the preparation of the copper sulphide sample.

Sequence of deposition:

Ag/SI(Cu/S),o Potential (V) Time (s)

Stage 1 Deposition of S —0.68 60
Washing in ammonia buffer —0.68 10

Stage 2 (20 times) Deposition of Cu —0.38 120
Washing in ammonia buffer —0.38 10
Deposition of S —0.68 60
Washing in ammonia buffer —0.68 10

to the well known presence of S*~ and S3~ species in the
covellite structure (Evans & Konnert, 1976).

The XPS spectrum in the Cu region reveals two well-
defined peaks, attributed to the 2p;/, to 2p,, components
of copper. Since the peaks of Cu(I) and Cu(Il) in sulphides
occur at about the same energy values (Pattrick et al.,
1997), the binding energy analysis does not allow a safe
discrimination between the two valence states (Fig. 3b). A
reliable attribution of the valence state can be fostered by
noting that the shake up peaks (i.e. satellite peaks due to
energy-loss processes, Wagner et al., 1979) are absent in

the spectrum. Accordingly, only Cu(l) is occurring in the
sample. Again, this evidence is in excellent agreement with
the experimental findings of Pattrick et al. (1997).

The C 1s XPS region shows the presence of contam-
ination carbon with the main peak assumed to be 284.8
eV. The peak also reveals the occurrence of higher bind-
ing energy components, which can be ascribed to oxyge-
nated carbon compounds. The O 1s peak culminating at
532.0 eV resulted from the convolution of the signals of
the oxygenated carbon compounds and oxide/hydroxide
species.
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Fig. 3. High-resolution XPS spectra of the S 2p (a), Cu 2p (b), O 1s (c) and C 1s (d) regions. In the graph (a), the continuous line refers to
Pattrick et al.’s (1997) data on covellite. Modified from Pattrick et al. (1997). The vertical dashed lines in graph (a) refer to the literature’s

values of the 2p;/, and 2p;,, binding energies.

Quantitative analysis of the relative proportions of the
copper, sulphur and oxygen signals were performed to sort
out the bulk composition of the sulphide thin layer. On the
basis of the atomic sensitivity factors reported in Wagner
et al. (1981), the ratio between the copper and the sulphide
species is 0.9:1. According to these values, the CuS for-
mula is confirmed, within the accuracy limit of the
employed technique.

The attribution of oxygen, present in the survey scan, is
controversial. This element does not certainly arise from
the synthesis of the film, and it can belong to at least three
phases: C-, O-bearing impurities (the most probable), the
surface oxidation of the electrode and/or the film. In these
latter cases it should be bound to Ag or to Cu. We com-
pared the relative intensities of S and O signals. Even if all
the oxygen detected were assigned only to the copper
species, the atomic ratio between the copper involved in
the oxide and sulphide phases would be lower than 0.2.
Accordingly, the fact that some Cu could be bound to

O instead of S would obviously affect the Cu/S ratio, but
this change is of minor importance.

3.2. Morphological characterization

The 10 x 10 pm AFM three-dimensional micrograph of
the thin film of CuS obtained after 20 deposition cycles is
shown in Fig. 4b, compared to the micrograph of the Ag
(111) substrate alone (Fig. 4a). The AFM images show a
very similar morphology, as expected for a layer by layer
deposition technique. The surface roughness Rgps iS
defined as

M—1
k=0

N-1 M—1 ~N-1

=0 <Zk,l - Aﬁ k=0 Z4I=0 Zk,l)
MN ’

where Z; ; is the height of the (k,/)th pixel, and MN is the

total number of pixels. A small Rgys increase from 2.1 nm

Rryvs =
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Fig. 4. Three-dimensional 10 x 10 um AFM micrographs of a sample of Ag (111) before (a) and after 20 cycles of deposition of

Cu,S (b).

for pure Ag (111) to 2.5 nm for CuS/Ag (111), can be
observed but is almost within experimental error (~0.3
nm). The observed small change of Rgrys is quite similar
to that reported in the growth of CdS by Innocenti et al.
(2002).

4. Discussion

The present XPS results point to two main pieces of

evidence:

(1) the deposit consists in equimolar Cu and S (within the
accuracy of the method), thus supporting CuS as its
formula composition;

(2) the valence states of Cu and S are Cu(I) and S(-1I),
respectively, although a possible fraction of S(-I) in
the form of disulphide anion cannot be ruled out.

In the Cu-S system, several phases having intermediate

composition between the two end terms are known:

Cu,S, chalcocite; Cuy 7S, djurleite; Cu;gS, digenite;

Cu, 75S, anilite; CuyeS, geerite; Cuy30S, spionkopite;

Cu, 1S yarrowite; CuS, covellite; CuS, (Pattrick et al.,

1997). Among them, only four are thermodynamically

stable at environmental conditions, namely chalcocite,

djurleite, anilite and covellite (Cipriani & Di Benedetto

2005). Digenite and Cu disulphide are stable at non-envir-

onmental conditions, and geerite, spionkopite and yarro-

wite are metastable (Pattrick e al., 1997). Accordingly, the
experimental Cu/S ratio observed in the present XPS char-
acterisation can be attributed with a good reliability to the
covellite or to the yarrowite phase. Since the yarrowite
phase appears less favoured due to its intrinsic metastabil-
ity, and due to the experimental Cu/S ratio that is slightly
<1, we propose that the CuS deposit crystallised with the

covellite structure. In any case the structural similarity
between covellite and yarrowite would not change signifi-
cantly the conclusions.

The conflict between the 1:1 stoichiometry and the
valence states of Cu and S is resolved by the proposed
attribution to covellite. According to Pattrick et al. (1997),
in fact, the valence states of covellite can be described as
Cu(1);83°S™*, where the symbol * indicates a positive
hole. The hole, necessary to achieve the charge balance,
represents an electron deficiency stabilised through the
whole lattice (Nakajima et al., 1970; Pattrick et al., 1997).
This deficiency, in turn, behaves as a population of partly
free carriers, which were revealed by Di Benedetto et al.
(2006). Similar considerations were also proposed in an
EPR spectroscopic study by Borgheresi et al. (20006),
which confirmed the absence of Cu(Il) in covellite.

Accordingly, by using the Pattrick et al.’s (1997) for-
mula, all pieces of evidence are accounted for: the mono-
valence of Cu, the presence of the disulphide groups, and
the presence of the sulphide fraction.

The attribution to the covellite structural model of the
CuS thin film needs some more consideration about the
phase formation starting from a layer-by-layer deposition.
The negative Gibbs energy involved during the formation
of the copper sulphide is available to drive the rearrange-
ment of the layers towards the most stable compound under
the chosen conditions (Loglio et al., 2008). It should be
expected, in the present case, that a wurtzite-type structure
could be formed, as observed, e.g. in the case of (Zn, Cd)S
thin layer deposition (Loglio et al., 2008).

On the contrary, the fact that covellite is present in the
film, in spite of its high level of structural complexity,
agrees with one of the two formation processes of covellite
from solution proposed by Pattrick et al. (1997). These
authors proposed that the covellite structure could be
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originated from an initial wurtzite-type one, through a two-
step rearrangement driven by the redox potentials of Cu
(IT) in sulphidic environment and by the electron densities
in the intermediate structure.

5. Conclusion

The present study solves the conflict between the experi-
mental 1:1 stoichiometry and the ions valence states in a
CusS thin film grown on Ag (111). The solution relies in the
fact that CuS crystallises as covellite, where positive holes
allow Cu ions to be stabilised in their monovalent state.

This result confirms that covellite-type materials can be
easily deposited as thin film on Ag surfaces, and that they
grow with the same structure as the substrate and with high
homogeneity (the roughness Rgys remains constant in the
different areas of the sample, as shown by the AFM inves-
tigations). This level of quality is compatible with the
requirements in photovoltaic technology.

Finally, we propose that the rearrangement mechanism
proposed by Pattrick et al. (1997) is operative during the
sulphide formation, driving an initial wurtzite-type deposit
to the final covellite-type material.
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