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Abstract 

X-ray photoelectron (XPS) and soft X-ray emission (XES) spectroscopies have been used as complementary methods to study 
the electronic structure of T12S, Sb2S3, T1SbS 2 and T1Sb3S 5. XPS provides the binding energy (BE) of core levels as well as the 
total valence band (VB) distributions; XES probes the S 3p VB density of states. S 2p core level study shows that the charge 
transfer to sulphur atoms is noticeably higher in T12S than in Sb2S 3 and ternary compounds. From a comparison of XPS and 
XES results, we conclude that S 3p states are located near the top of the band in all cases; the results are discussed with 
reference to density of state calculations. 
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1. Introduction 

Recently much interest has been devoted to new 
non-conventional complex materials formed from 
chalcogenide elements (S, Se, Te) and "lone pair" 
elements (Sn' ,  As "I, Sb III, TeW). Owing to the forma- 
tion of various atomic arrangements, these systems are 
characterized by a large range of physical properties 
and offer many potential applications, especially in 
optoelectronics [1,2]. In the case of antimony chal- 
cogenides, the links between the atomic structure and 
the electronic properties have been studied from 
experimental investigations using a number of com- 
plementary technics: M6ssbauer, X-ray diffraction, X- 
ray absorption spectroscopies [3-5], as well as from 
theoretical studies [6]. The importance of the 
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stereochemical activity of the antimony lone pair for 
the understanding of the physical properties of these 
systems has been evidenced [6,7]. 

We report in this paper a study of the electronic 
structure of chalcogenide compounds by means of 
X-ray photoelectron spectroscopy (XPS) and soft X- 
ray emission spectroscopy (XES). TlzS and Sb2S 3 
binary compounds and two ternary compounds 
belonging to the T12S-SbzS 3 system (T1SbSz and 
T1Sb3Ss) have been studied. By XPS we have analysed 
the core levels of T1, Sb and S atoms which are 
sensitive to the local bonding of each atomic site, and 
the total valence band distribution. By XES, electronic 
transitions between the valence band and the S ls core 
level have been studied for each compound. Because 
of selection rules the spectral distributions correspond 
to S 3p states. Owing to an energy calibration of XPS 
and XES spectra by reference to the Fermi level it is 
possible to locate the S 3p states in the valence band 
distribution. Our experimental results on the valence 
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band states are discussed in relation to band structure 
calculations performed in the tight-binding approach. 

2. Experiments 

The chalcogenide samples were prepared by chemi- 
cal synthesis from the elements in the case of binary 
compounds and from a mixture of a suitable propor- 
tion of the binary compounds in the case of ternary 
systems [8]. The powders obtained by crushing were 
deposited as a uniform layer onto metallic supports 
adapted to each technique (XPS and XES). 

X-ray-induced photoelectron spectra were obtained 
with a non-monochromatized MgKa radiation (main 
peak a~.~ at hz,= 1253.6 eV) and an electrostatic 
hemispherical analyser used in the fixed analyser 
transmission mode (FAT). The overall resolution is 
estimated from the width (FWHM) of the Ag 3d~.~ 
peak, equal to 0.8 eV. Except for T1,S a charging effect 
occurred for the samples due to their non-conducting 
character. We calibrate the energy scale by reference 
to the Cls peak observed on the spectra and which we 
attributed to the existence of a small contribution of 
hydrocarbonated species at the surface of the samples. 
The binding energy of the Cls  line maximum was fixed 
at 285.0 eV. In these conditions the origin of the 
binding energy scale corresponds to the Fermi level of 
the sample. The core levels S 2p, Sb 4d, TI 5d and T1 4f 
were recorded with a 0.1 eV step and the valence band 
with a 0.2 eV step. Let us note that we estimate to 
about 10% the contribution of carbon contamination. 
A low contribution of oxygen was observed: it is 
difficult to estimate its proportion because the O l s 
peak is located close to the Sb 3d5/2 line. Nevertheless 
its contribution is less than about 5%. 

In the case of non-monochromatized incident radia- 
tion, the incident beam consists of the main M g K a t  _, 
peak accompanied by satellite lines a~, % etc. The 
energy distances between a 3, a 4 (most intense satel- 
lites) and the main al. 2 doublet are 8.4 eV and 10.0 eV. 
For samples containing T1 atoms, the TI 5d~_, ,/2 peak 
observed around 13-15 eV is accompanied by lower 
intensity lines due to the excitation of the same core 
level by the MgKa3, a 4 satellites, and their contribu- 
tions are located precisely in the valence band energy 
range. Consequently a correction to the photoelectron 
spectra is necessary and has been achieved after a 
Shirley-type background subtraction, following the 
current method. 

The X-ray emissions S Kay, 2 (2p3/2,1/2--~ lS) and S 
K/3 (3p--~ ls) spectra were recorded with a curved 
crystal X-ray spectrometer [9]. The monochromator  
was a quartz (1011) crystal (d = 334.275 nm) curved 
under 250 mm and used in the 1st order of reflection. 

A proportional A r / C H  4 counter was used as a detec- 
tor. The total instrumental broadening resulting main- 
ly from the crystal is estimated to 0.2 eV. The spectra 
were excited with an electron beam (5 kV, 5 mA); no 
modifications of the spectra were observed during the 
acquisition. The spectra were scanned with a 0.1 eV 
(K~) or 0.2 eV (K/3) step width. They are obtained as a 
function of the photon energy (X-ray transition 
energy), that is E(S l s ) - E ( S  3p) for S K/3. On this 
energy scale, the Fermi level position corresponds to 
the core level binding energy E(S ls). We have de- 
termined this binding energy value for each sample in 
the usual way, combining XPS data for the S 2p3/2 
binding energy and XES determination of the S K a l ,  2 

(2p~,~ ~ ._~ l s )  X-ray transition energy. Then 
E '(S Is) = E(S Ka,) + E(S 2p3~2 ). 

3. Crystal structures 

The structures of Sb2S 3, T12S, T1SbS 2 and TISb3S ~ 
are rather complex, and each element of these com- 
pounds occupy different crystallographic sites. We give 
a simple picture of the structures. The environment of 
Sb can be described by three different units: trigonal 
pyramids SbS 3, trigonal bipyramids SbS4 and square 
pyramids SbS 5. The mean Sb-S bond lengths (2.4- 
2.6.~) indicate a rather covalent character. Except for 
TI~S the high value of the coordination number of T1 
(5-7 atoms) and the T1-S bond lengths (3-3.3,~) can 
be related to an ionic character for the TI-S bonds. 

Sb:S~ is a ribbon material [16]. The ribbons can be 
described by (Sb4S6),, units which are formed by two 
edge-sharing square pyramids SbS 5 connected to two 
trigonal pyramids SbS 3. There are two sites for Sb: 
lxSbS 3 + l x S b S  5 and three sites for S: lxSSb 2 + 
2xSSb 3. The chains interact slightly by the long bonds 
Sb-S between trigonal pyramids. 

T12S is a layer material (anti-CdI2) [11]. The layers 
are formed by very distorted octahedra ST16 con- 
nected by the edges. There are six different sites for 
TI, which are surrounded by 3 S to form trigonal 
pyramids TIS 3 and five sites for S which form very 
distorted octahedra. The layers are slightly connected 
by TI-T1 bonds. 

T1SbS 2 is a layer material [12]. The layers are 
formed by chains of Sb-S and TI-S. There  are two Sb 
sites which form SbS 4 trigonal bipyramids, four S sites: 
2xSSb2TI 2 + 2xSSbETI 2 and two T1 sites surrounded by 
7 S .  

T1Sb3S 5 is formed by sheets (Sb3S5),, connected by 
(TISs),, chains to form a three-dimensional network 
[13]. There are three Sb sites: 2xSbS 3 + lxSbS4, five S 
sites: 2xSSb 2 + 2xSSb2T1 + lxSSb2T12 and one T1 site 
surrounded by 5 S. 
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4. Results and discussion 

4.1. Core levels 

The S 2p spectra from TI2S, Sb2S3, T1SbS 2 and 
TISb3S 5 are reported as a function of binding energy 
in Fig. 1. The lines are asymmetric, revealing the 
spin-orbit splitting 2p~/2-2p3/2. Significant changes 
appear between the spectra, as the composition of the 
sample varies. We observe a large shift towards higher 
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Fig. 1. S 2Pl/2.3/2 core level XPS spectra from TIzS, TISbS2, TISb3Ss, 
TI2S. Exper imental  curves (dotted line) are fitted to a sum of two 
gaussian curves S 2pt~2, S 2p3/2 (solid line). 

binding energy of the maximum intensity of the peak 
when going from T12S to 5b253, and a noticeable 
broadening of the line. The splitting effect which is 
clearly evidenced for TI2S is smoothed out in Sb2S 3 
and in ternary compounds. 

A two gaussian peak reconstruction of the spectra 
using a least squares fit program has been performed 
to simulate the spin-orbit splitting of the S 2p line. 
The assumption are the following: the separation 2pl/2 
and 2p3/2 is equal to A E = I . I _ 0 . 1  eV [14], the 
intensity ratio between the lines is 1/2 and their 
FWHM are identical for a same compound. (This 
assumes a single type of environment for S atoms.) 
The mean S 2P3/2 energy and linewidth obtained from 
this decomposition procedure are reported in Table 1. 
On going from T12S to Sb2S3, the S 2P3/2 binding 
energy (BE) increases by 0.9 eV; the increase in BE is 
accompanied by a significant increase of the width of 
the line, from 1.0 to 1.4 eV. For ternary compounds the 
binding energy values are close to that of S b 2 8 3 ,  but 
slightly lower; their widths are slightly broader than 
that of Sb2S 3. 

The binding energy of a core level is sensitive to the 
chemical environment of the emitting atom. When the 
chemical bonding is modified, binding energy shifts of 
the core levels are observed: they are due to modi- 
fications of the charge transfer occurring between the 
emitting atom and its first neighbours. In our case, S 
atoms are more electronegative than Sb or T1 atoms 
and a charge transfer occurs from Sb or T1 to S atoms. 
The electronegativity X values are 2.5, 1.9 and 1.8 for 
S, Sb and T1 respectively [15]. The increase of S 2p 
BE on going from TI2S to Sb2S 3 reveals that the 
charge transfer to S atoms is higher for T1-S than for 
Sb-S, in agreement with the higher A X value of the 
bond in TI-S than in Sb-S. 

The width of S 2p3/2 is noticeably smaller in TI2S 
than in Sb2S 3 or in ternary compounds, which reveals 
that charge fluctuations around S atoms due to differ- 
ent bonding sites or different bond lengths are much 
lower in TI2S than in Sb2S 3 and ternary compounds. 

X-ray absorption measurements at the K edge of S 
have been performed for the same samples [5 ]. From 
these results, the first absorption line corresponding to 
the ls---> 3p transition, which gives information on the 
S environment, is broader and more asymmetric for 

Table 1 
Binding energies and F W H M  of S 2p3/z, Sb 4d5/z, TI 5d5/2 and TI 4f5/2 

Compound  S 2P3/2 Sb 4d5/2 T1 5d~/2 TI 4f7/2 

BE F W H M  BE F W H M  BE F W H M  BE F W H M  

Sb2S 3 161.4 1.4 33.2 1.4 
TISb2S s 161.2 1.5 33.0 1.5 s 
T1SbS 2 161.1 1.5 32.9 1.4~ 
T12S 160.5 1.0 

12.8 1.6 118.1 1.6 
12.7 1.5 118.1 1.5 s 
12.7 1.2 118.1 1.3 5 
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TISbS 2 than Sb2S 3. This reveals a more complex 
atomic bonding for ternary compounds, in agreement 
with core levels results. 

The Sb 4d5/2, T1 5d5/2 and T1 4f7/2 core level binding 
energies are reported in Table 1. Sb 4d5/2 BE is 
obtained from a reconstruction of the 4d~/2,5, ~ doublet 
assuming an intensity ratio of the lines equal to 2/3 
and an energy separation of 1.3 eV [14]. The Sb and 
TI core level binding energies are less sensitive to 
changes in local bonding and the energy shifts ob- 
served remain within the limits of experimental uncer- 
tainty. Similarly, the Sb 4d5/2 width is barely modified 
when going from Sb2S 3 to ternary compounds. On the 
contrary, the widths of the T1 5d5/2 and T1 4f7/~ c o r e  

levels are strongly broadened from T12S to ternary 
compounds (Table 1). These effects reveal clearly that 
charge fluctuations around TI atoms are higher in 
ternary compounds compared with T12S, in agreement 
with the results from the S 2p core level. 

4.2. Valence band 

In Fig. 2 we have reported on a common energy 
scale the XPS valence band spectra from T12S, Sb2S,, 
TISbS 2 and TISb3S 5 samples and the S K/3 X-ray 
spectra from the same samples. The amplitude of the 
spectra are normalized between their minimum and 
maximum values. 

For compounds containing T1 atoms, the curves 
have been corrected for the contribution induced by 
satellite lines MgKa3,a 4, as indicated in Section 2. The 
curves are plotted between the Fermi energy (Ev) and 
10 eV, the contribution of TI 5d5/2 becoming important 
for higher binding energy. Let us recall that the XPS 
valence band corresponds to the density of states of 
the valence band modulated by photo-ionization cross- 
sections (o'). The valence band of chalcogenides consist 
of s and p states from TI, Sb and S. From the o- atomic 
values calculated by Scofield [16], the p valence states 
of Sb and S have a higher contribution than TIp  states 
and p states correspond to higher o- values than p- 
symmetry states. 

S K/3 spectra reflect the S 3p states distributions 
broadened by the Lorentzian contribution of the S ls 
core level of sulphur which is approximately 0.5 eV in 
pure sulphur [17]. The uncertainty in the adjustment 
of the binding energy scale of the XPS and XES 
spectra is about 0.5 eV. 

For TI2S the valence band consists of three well- 
resolved peaks located at about 2.0, 4.5 and 7.5 eV. 
Our VB spectrum is in qualitative agreement with 
previous results, although the two higher BE struc- 
tures are not quite well-resolved in Ref. [18]. The 
overall distribution is similar to that of a covalent 
semiconductor with three distinct parts, which could 
be attributed to p, sp and s states as binding energy 
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Fig. 2. Valence band XPS spectra (solid line) and S Kb X-ray spectra 
from "I'1 ,S, TISbS 2, TISb~S, and SbeS~ adjusted in a common binding 
energy scale, with E~: as the origin. 

increases. From the comparison of XPS and XES data, 
it seems that S 3p states correspond to the low binding 
energy region of the XPS valence band curve; the 
edges of both curves have nearly the same slope. 

In Sb~S~ the XPS valence band shape is completely 
changed: it shows a wide rounded peak between E F 
and 7.5 eV where a minimum occurs. Beyond this 
energy, we note an increase of the curve with a small 
bump at 8.5 eV. The S 3p distribution is located near 
the top of the valence band; it is more extended 
towards high binding energy than in TI2S and conse- 
quently is broader than S 3p from TI~S. However, its 
overall shape is similar to that of T12S. On the XPS 
valence band curve, a change of slope occurs at about 
half amplitude, which involves a sort of tail at low 
binding energy. This tail is not observed on the S 3p 
curve. 

In the ternary systems TISbS 2 and TISb3S 5 the XPS 
valence bands have an intermediate shape between 
those of T12S and Sb2S 3. For TISbS 2, a low binding 
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energy peak A is still observed and the following 
structures are smoothed. It is noteworthy that for this 
compound the low binding energy edge is steeper than 
in other compounds and a shoulder labelled S is 
detected at 0.7 eV BE. For S 3p the low binding 
energy edge is not structured; beyond the maximum of 
the curve the slope is not quite uniform. 

In TISb3S 5 the feature A is hardly resolved from the 
rest of the curve. It corresponds approximately to the 
maximum of the S 3p distribution and both XPS VB 
and S 3p curves are broadened compared with the 
corresponding TISbS 2 curves. 

Let us note that the broadening of S 3p and of the 
VB distributions in Sb2S 3 and in ternary compounds 
compared with TI2S a re  consistent with the increase of 
S 2p width and similarly can be related to higher 
charge fluctuations around S atoms present in Sb2S 3 
and ternary compounds, compared with TI2S. 

We note a slight receding of the valence band edge 
on going from T12S to Sb2S3: about 0.5 eV measured at 
half amplitude of the edge. This would reveal an 
increase of the optical gap, assuming that the conduc- 
tion band edge is not shifted. In ternary compounds 
the binding energy edge is located at an intermediate 
energy position. 

Band structure calculations have been performed 
for several antimony chalcogenides by Lefebvre et al. 
[6] in the tight-binding method. These calculations are 
based on molecular models to represent the complex 
atomic structure of the compounds. In the case of 
T1SbS z, we can compare our experimental results with 
the theoretical curves. From this comparison, it is 
possible to attribute the non-uniform shape of the high 
binding energy edge of the S 3p distribution to the 
separation of the non-bonding-bonding (S-Sb) p-sym- 
metry states of sulphur. The increase of intensity 
observed in the XPS valence band beyond 7.7 eV can 
be attributed to the presence of the Sb s states' 
contribution. The shoulder labelled S on the XPS 
curve could reveal the existence of a TI 6s lone pair. 

Density of state calculations are being performed 
for other chalcogenide compounds, and the compari- 
son with our experimental results will be published for 
several systems of the T12S-Sb2S 3 series in a separate 
paper. 
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