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The paper presents the X-ray photoelectron spectra (XPS) of the valence band (VB) and of the principal core levels from
the (110) and (001) planes for the ferroelectric semiconductor SbSI single crystal in the temperature range 215-390 K. The
excitation source was Al K, monochromatic radiation (1486.6 eV). XPS were analysed in the energy range 0-1400 eV.
Experimentally obtained energies were compared with the results of theoretical ab initio calculations of surface and bulk
atoms in the paraelectric and ferroelectric phases. The structure of VB is calculated and confirmed experimentally. Large
shifts (3-5 eV) in the core-level binding energies of surface atoms relative to bulk atoms have been observed. They show a
dramatic dependence on the surface crystallographic plane. This is the first observation of XPS shifts of that magnitude in
solids. Influence of the phase transition on VB and core levels is studied and the mechanism of the XPS shifts in SbSI crystals

is discussed.
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1. Introduction

X-ray photoelectron spectroscopy is widely used for
surface investigations of solids. Due to the reduced
coordination number, surface atoms experience a dif-
ferent potential than the bulk atoms. Therefore, the
core-electron binding energies should be different for
surface and bulk atoms. Bulk sensitive XPS enables
to study the surface valence changes, which affect the
core-level shift with respect to the bulk atoms.

Surface core-level shifts of the order of AE;,, =~
0.5 eV towards both higher and lower binding en-
ergies have been experimentally observed in metals
[1-5], semiconductors [2,6,7], and insulators [8], as
well as studied theoretically [9,10]. The magnitude
and the sign of the shift depend on electronic and
structural properties of the bulk and surface atoms,
and on the surface structure [9]. For surface core-
level shifts, the initial-state potential energy as well
as the final-state hole screening are important. In
the materials studied the screening results only from
fast electronic polarization. Therefore, one can expect
large structure-dependent core-level shifts in the quasi-
one-dimensional ferroelectric semiconductors, where
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the screening should be enhanced by both high ionic
(phonon) and spontaneous polarization. XPS stud-
ies revealed splitting of the core levels in the incom-
mensurate phase of the ferroelectric semiconductor
TlInS, [11].

Antimony sulphoiodide, SbSI, is the well-known
quasi-one-dimensional ferroelectric semiconductor,
which exhibits a number of prominent strongly coupled
semiconductive and ferroelectric properties [12]. Many
new phenomena in SbSI have been found [13-15],
which are related to the electronic subsystem and the
soft phonon mode with the frequency decreasing down
to the millimetre range near 7¢;, and causing high static
permittivity along the [001] axis € > 30000. Also, it
has been shown [16] that SbSI has three instead of pre-
viously known two phases arising from the sequence

of ferroelectric and non-ferroelectric phase transitions

T.1=295 K T.o=410 K
Pna2; =" P2,2,2; "*%— " Pnam.

Ferroelectricity in the ferroelectric semiconductors
is closely related to its electronic structure [14]. The
first XPS study of SbSI revealed unusual spectra in
the P21212, phase [17]. The purpose of this paper is
to study XPS in the ferroelectric semiconductor SbSI
from different planes in a wide temperature range re-
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lated to the phase transition, crystal anisotropy, charg-
ing effects, screening of polarization, and illumination
of the sample with light.

The organization of the paper is as follows. A brief
description of the experimental details is given in Sec-
tion 2. In Section 3, ab initio calculations of the pho-
toionization energies by the Hartree—Fock—Roothan
(HFR) method are presented. Section 4 presents ex-
perimental results of XPS in the ferroelectric semicon-
ductor SbSI crystal. In Section 5, a molecular model of
the SbSI crystal is described. In this section, the cal-
culated energy levels of surface and bulk atoms in the
paraelectric and ferroelectric phases are presented and
compared with the experimental findings. Finally, in
Section 6, the experimental and theoretical results are
discussed.

2. Experimental details

The SbSI single crystals were grown from the
vapour phase. The obtained crystals were in the form
of needles or small plates of 7 x 2 x 1.5 mm?. The
orientation of the ferroelectric [001] axis is along the
needle. The XPS of the valence band and of the
principal core levels were measured by PHI 5700/660
Physical Electronics Spectrometer in the temperature
range 215-390 K. The excitation source was Al K,
monochromatic radiation (1486.6 eV). The photoelec-
tron spectra as a function of Kinetic energy were anal-
ysed in the energy range 0-1400 eV by a hemispheri-
cal mirror analyser with the energy resolution of about
0.3 eV. The measurements were performed on the (110)
and (001) crystal surfaces (Fig. 1) both cleaved in vac-
uum, in the low 10719 Torr range, to obtain a clean sur-
face. The surface stoichiometry and surface quality of
both (110) and (001) cleavage surfaces were checked
by measuring the characteristic XPS spectrum (see,
e.g., Fig. 2). The only contaminant was found to be
carbon. No other spectral features showing nonstoi-
chiometry or impurities have been found. The size of
the X-ray spot was about several square microns. It did
not release electrons from the (110) and (001) planes
simultaneously. C 1s signal at 284.5 eV was used as
the energy reference to correct for charging.

3. Ab initio calculation of the energy levels

The method of calculation is based on HFR equa-
tions in the LCAO MO approximation [18]. Accord-
ing to the Koopmans’ theorem, the one-particle ener-
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Fig. 1. Schematic view of the sample.
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Fig. 2. XPS spectrum of SbSI in the energy range from O to
1400 eV.

gies obtained from the canonical RHF equations cor-
respond to the approximate energies of the ionization
potential. This would be an exact solution if the ioniza-
tion process was instantaneous and the correlation en-
ergy contribution could be completely neglected. Thus,
the one-particle picture of many-electron molecules in
solids is far from being exact. The molecular orbital
(MO) is a linear combination of atomic orbitals (AO).
The MO ;(r) can be expanded by the AO x,(r) base:

M
ei(r) = Ciuxu(r), (1)
pn=1

where 1 is the number of the AO, or the set of quantum
numbers nlm. For simplicity, a Gaussian 3G orbital
basis set [19] is used. The C matrix is obtained by
solving the Hartree—Fock matrix equation

FC = SCe. 2

Equation (2) is solved by diagonalization. The solution
of Eq. (2) is described in [20]. The diagonal matrix &
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gives the energies of MO levels. For the core levels
they nearly correspond to the energy of the AO levels.
However, due to interaction they are slightly diffused.
The overlap integrals are given by

Sy = / XX dr. 3)

Fockian matrix (F') elements for molecules of closed-
shell singlet states can be expressed in the form

M

= Hyt S Pm( #V|]€>\>——<#k|’/>\>)> )
k, =1

where

1 ZA
H,, = ——A— d 5
v /Xu< 5 XA:‘T—TA‘)XV r 5
are the matrix elements of the kinetic energy of an elec-
tron and its interaction with the nucleus Z4. The en-

ergy of the interaction between two electrons is given
by

(k) = // X (11) X0 (11) X5 (72) XA (72) dry drs.
r1 — 72
(6)

The coefficients C;, allow us to calculate the electronic
structure of molecules and to interpret the experimen-
tal results. They also allow us to find the matrix of
the electron distribution density, according to Mulliken,
which is given by

N/2

P =2 CiuCi. (7
i=1
Here N is the number of electrons. For the closed
shells IV is even. As Fockian matrix F nonlinearly de-
pends on unknown coefficients C;,, (Egs. (1) and (7)),
Eq. (1) is solved by an iteration method.
From the orthogonalization by Lowdin density ma-
trix

P = S'/2psl/2 (8)

one can find bond strengths Psp between the atoms A

and B,
Pap=)»_ > P2, ©9)

neAveB
and the charge of the atoms:
gan = Za— Y Py (10)
HEA

The calculations were performed with the GAMESS
program [21]. We used both MINI and MIDI 3G or-
bital basis sets. However, for calculation of the energy

levels we need a molecular model of the crystal. The
model and results of calculations are discussed in Sec-
tion 5. For core levels, MIDI and MINI basis set is the
same. For VB, MIDI 3G basis set is contracted to the
2-1G one. MO spectrum of MIDI basis is more nega-
tive by ~1 eV. The charges of atoms in MIDI basis are
obtained to be Sb+0-825~0-501-0:32 while in MINI ba-
sis the crystal is less polar. The dipole moment in the
ferroelectric phase in MIDI basis is 2 D while in the
MINI basis it is only 1.44 D.

4. Results of the XPS measurements

Figure 2 shows the XPS of the SbSI crystal in the
energy range from O to 1400 eV below the Fermi level
without contamination with any gas and only with a
small amount of carbon (C 1s peak at 284.5 eV). Auger
spectra of Sb MNN and of I MNN are also seen in
the high energy range. XPS did not show any traces
of impurities, only carbon was visible after the sam-
ple was cleft under high vacuum conditions, in the low
1010 Torr range. We did not find noticeable change
of the surface composition with time at fixed temper-
ature as well as dependence of illumination time. The
strongest peaks of Sb 3d, I 3d, I 4d, and S 2p were
chosen for investigation of peculiarities of the crystal-
lographic plane-dependent core-level XPS in this fer-
roelectric semiconductor.

4.1. XPS of the valence band

Figure 3 shows the valence band (VB) spectrum in
the P212,2; (330 K) and ferroelectric (215 K) phases.
The spectrum is referred to the Fermi level (Er). The
Er was defined with the accuracy of 0.3 eV. In the
P2,212, phase, the VB is separated by a gap of 1.8 eV
from the Fermi level. In the ferroelectric phase, the VB
is located at 2.3 to about 20 eV below Er. The top
of the VB is shifted by AE = 0.53 eV with respect
to the top of the VB in the P2,212; phase. In these
crystals, the optical band gap obtained from an isoab-
sorption curve is 1.82 eV at 300 K, while the one in the
ferroelectric phase is 1.89 eV at 273 K and it increases
at lower temperatures to 2.2 eV [12]. It corresponds to
the value obtained from the XPS measurements. The
Fermi level is pinned at the bottom of the conduction
band.

The jump of the spontaneous polarization (F) at the
first-order phase transition temperature 7¢; causes the
jump of AE,; = 0.075 eV. With the decrease of temper-
ature Py increases to about 20-107% C/cm? and causes
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Fig. 3. XPS of the valence band in the P2;2,2; (330 K) and ferro-
electric (215 K) phases.
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Fig. 4. XPS of the Sb 3d spin—orbit doublet from the (110) plane at
different temperatures.

increase of E,(T"). As a result, the top of the valence
band shifts with respect to the Fermi level. The change
of the shape of VB in the ferroelectric phase will be
discussed in Section 6. In the paraelectric phase, the
shape of VB does not depend on temperature.

4.2. XPS of core levels from the (110) plane

The (110) plane is parallel to the ferroelectric axis
(see Section 5). Figure 4 shows the spectrum of the
spin—orbit doublet of Sb 3d at different temperatures.
The core-level binding energy is referred (in all fig-
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Fig. 5. Gaussian XPS contributions of the Sb 3d spin—orbit doublet
from the (110) plane.

ures) to the Fermi level with the calibration accuracy
of £0.3 eV. The peaks of Sb 3d5/, and 3d3/y are sit-
uated at about 529 and 538 eV, respectively. Refer-
encing to Er for ferroelectric semiconductor requires
understanding the magnitude of the polarization ef-
fects [8] for the reference to be accurate. We pinned
these values at all temperatures by calibrating the spec-
tra with the C 1s peak. The state of this carbon is not
clear and the binding energy of the C 1s signal might
be slightly changed. However, the experiments con-
firmed that this change was very small. The binding
energy, Ey, in SbSI increases by about 1 eV in com-
parison with F}, in pure Sb (E}, = 528 eV for 3d5/,
and Ey, = 528 eV for 3dz/p). The background is
caused by secondary electrons. However, the spectrum
is temperature-dependent: every line of the spin—orbit
doublet is split into two components, which are clearly
seen in Fig. 5 after resolving the spectrum into Gaus-
sian contributions. The split components are separated
by about 3 eV at 393 K and by 1.2 eV at 273 K.

The position, pinned by calibration, of I 3ds 5 is at
E, = 618.2 ¢V and of 1 3d3/, at £}, = 629.2 eV.
The chemical shift is about 0.8 eV to lower values (for
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Fig. 6. XPS of the Sb 3d spin—orbit doublet from the (001) plane.

pure I 3ds 5 it is at E}, = 619 eV and for I 3d3/, at
Ly, = 630).

The position of the overlapping S 2p3 /5 and S 2py /5
peaks were obtained at about 161 and 162 eV. In the
isostructural semiconductor SbyS3 these values are at
about 161.5 and 162 eV, respectively [22]. For sulphur,
the chemical shift is in the opposite direction in relation
to Sb, i. e. to lower binding energy about 3 eV (for pure
S 2p3/9 Ey, = 164 eV and for 2py /5 Ey, = 165 eV).

The shift of the binding energy with temperature in-
dicates changes of the chemical environment of the Sb,
I, and S atoms and redistribution of the atomic charge
due to the chemical bonding.

Thus, the electronic structure measurements re-
vealed the chemical shift of Sb states of +1 eV to
higher binding energy, and I states of —0.8 eV and S
states of —3 eV to lower binding energy. This shift
suggests charge transfer from Sb to S and I — more to S
than to L.

4.3. Surface effects on the (001) plane core-level
binding energies

The most striking results of the XPS in this quasi-
one-dimensional ferroelectric semiconductor were ob-
tained from the (001) plane, which is perpendicular to
the spontaneous polarization axis. Figure 6 shows the
photoelectron emission spectrum of the spin—orbit dou-
blet of Sb 3d5 /5 and 3d3 5 in different phases. The huge
temperature-dependent split of each component of the
spin—orbit doublet is obtained. At 330 K, this split is
about 4 eV. In the ferroelectric phase (215 K) the split is
about 5 eV. Similar split was obtained for the spin—orbit
doublets of I 3d5/5 and 3d3/o, and I 4d5/2 and 4d3 5.
Figure 7 shows this split. S 2p spin—orbit doublet com-
ponents are also split. It is tempting to assign the dif-
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Fig. 7. XPS of the I 3d and I 4d spin—orbit doublets from the (001)

plane. Two left peaks are referred to the ds /o while two right peaks

belong to the ds/,. The negative binding energy of the surface
atoms is lower than of the bulk atoms (see Table 1).

ferent components of the split spin—orbit doublets to the
surface and bulk contributions. After the sample break-
ing in perpendicular to the [001] axis, a sample tends to
split into thin needles. Due to the cleaving of the crystal
the surface-to-bulk ratio increases. The intensity ratio
between the bulk and the surface also changes dramati-
cally (Figs. 5 and 6). It reflects modification of sample
geometry but not sample composition.

Due to the reasons mentioned in the introduction the
core-electron binding energies should be different for
surface and bulk atoms. Such a shift was observed
in metals, semiconductors, and insulators. However,
the magnitude of the shift in the quasi-one-dimensional
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Fig. 8. Influence of light on the XPS of the spin—orbit doublet of the

Sb 3ds /> (left lines) and 3ds /- (right lines) from the (001) plane.

Only the shift of the lines is shown. The first and third lines corre-
spond to an illuminated crystal.

SbSI crystal is found to be particularly large for (001)
surface. It reflects the large change in electron density
at the atoms that emit the photoelectrons. Thus, one
may assume that XPS in SbSI are bulk and crystallo-
graphic plane dependent. The split components of the
XPS were assigned to the crystal surface and bulk on
the basis of theoretical calculations (see Table 1).

4.4. Influence of light

SbSI is highly photosensitive material [12]. Illumi-
nation of the crystal with a visible light shifts the core-
level spectra. Figure 8 shows the strong shift of the
spin—orbit doublet of Sb 3d5 /5 and 3d3 /, from the (110)
plane in the ferroelectric phase. The composition of
two different spectra taken under different illumination
is shown. When the crystal is illuminated with visible
light the Sb 3d5/, and 3d3/, lines shift about 2.5 eV to
lower binding energies. We will discuss the origin of
this shift in Section 6.

5. The model of SbSI structure and calculated
Koopmans’ energies

For the theoretical ab initio calculation of energy
levels the molecular model of the SbSI crystal is
needed. The model must be a cluster composed from
an even number of molecules. The interaction between
the clusters is assumed to be weak.

A projection of the crystal structure of SbSI on the
(001) plane is shown in Fig. 9(a). It contains double
chains [(SbSI) ]2 consisting of two chains related by

a twofold screw axis and linked together by a short and
strong Sb—S bonds [16]. In the ferroelectric Pna2; and
the antiferroelectric P2;2;2; phases the double chains
are polar due to alternating shorter and longer Sb-S as
well as Sb-I bonds (Figs. 9(c) and (d)). The asymme-
try of the (S,I) arrangement results in polarity of the
double chains which in the ferroelectric phase are all
oriented in the same direction. In the P2;2;2; phase
the arrangement of the polar double chains becomes
antiparallel (up and down). Weak van der Waals-type
bonds of d > 3.8 eV bind the double chains. The trans-
port of electrons and holes along the [001] axis sug-
gests the large anisotropy in the mobility of the carriers,
and in the electrical conductivity. Along the [001] axis
the conductivity is of the order of 1076 S/m, while in
perpendicular directions it is of the order of 107% S/m.
For such conductivity the charging effects are impor-
tant [8]. The weakly bonded double chains may be con-
sidered as non-interacting and one double chain may be
taken as a molecular model of the crystal for the bind-
ing energies calculation.

The double chain is formed of many simplified unit
cells. One such simplified unit cell consists of six
atoms. Four and two such unit cells, as a molecu-
lar model of SbSI crystal, have been considered for
the energy levels calculations. It was found that when
Sb atoms are at a distance d > 4.01 A they can be
considered as non-interacting. When they approach
2.81 A, the chemical bonds appear, the energy lev-
els split and shift by 1 eV to higher energies. When
the SbSI molecule is formed, the energy levels split
into two groups separated by 1.4-1.5 eV gap. En-
ergy levels slightly change with the increase of the
cluster. It means that the model of only two SbSI
molecules (middle part of Fig. 9(a)) is sufficient to de-
scribe qualitatively the electronic spectrum of the crys-
tal. It was found that the quantum-chemical calcula-
tions are very sensitive to small variation of the sur-
face geometry. Small perturbation of the surface (open
or H-terminated bonds) changes the core-level binding
energy.

After breaking the crystal under high vacuum condi-
tions some bonds of surface atoms become open. Due
to the reduced coordination number, surface atoms ex-
perience different potential than the bulk atoms. We
have calculated by the HFR method the energy of the
VB and core levels for: (i) surface atoms open bonds,
and (ii) the hydrogen-terminated bonds. In the case (i),
the binding energies correspond to surface atoms, while
in the case (ii) they correspond to a bulk-like spec-
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® © (d)

Fig. 9. (a) Crystal structure of SbSI in projection on the (001) plane. Double chains and interatomic distances at (b) 465 K, (c) 315 K, and
(d) 287 K along the [001]-axis. Strong Sb—S bonds connecting the single chains are not shown.

trum. Any screening effects in the simplified molecular paraelectric and ferroelectric phases, calculated with
model of the SbSI crystal were not taken into account. MINI basis set without taking into account the spin—
Table 1 presents the mean theoretical values of the orbit interaction, and experimentally obtained ener-

binding energies of bulk and surface atoms in the gies Ei,(oyp)- The shift in the core level binding energy
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Table 1. Mean theoretical values of binding energies (negative) in bulk, Ey,puik), and
surface, By (surface), States in two phases, and the experimental values at 300 K (in eV).
Limits (&) show the interval of states.

State Paraelectric phase Ferroelectric phase By (exp)
Eb(bulk) Eb(surfacc) Eb(bulk) Eb(surfacc)

13s 1026.5 1023.9 1026.6 1023.9
Sb 3s 910.2 912.7 910.4 912.6
13p 895.6+£0.1 892.9+0.1 895.7£0.1 893.1£+0.2 890-900
Sb 3p 786.9+0.1 790.4 786.6+0.2  789.24+0.3 785-800
13d 653.1£0.1  650.44+0.1 653.240.1 650.5+0.3 618.5-630
Sb 3d 558.740.1 561.3 558.94+0.7 561.240.1 529-538.5
S 2s 241.240.4 239.1+£0.3 241.3+40.6  239.1+0.1 ~230
14s 194.6 191.7 194.7 191.740.3
S 2p 177.140.1 175.0 177.1+£0.7  175.040.2 161-162
Sb 4s 163.0 164.8 163.0 164.8+0.1
14p 146.1+£0.1 143.64+0.2 146.94+0.7 143.7+0.4
Sb 4p 119.14+0.5 120.8 119.1+1.1  120.8+0.1
14d 62.7+0.4 60.0+0.2 63.5+1.2 60.0£0.5 50-56
Sb 4d 44.6+1.0 45.8+0.1 44.5+1.6 45.8+0.2 3540
VB (s-band)  18.8-27.3 14.4-23.7 18.2-27.5 14.4-23.8 13-23
VB (p-band) 2.4-14.0 5.9-9.6 2.5-14.3 5.9-9.6 1.8-12

of surface Sb atoms relative to bulk atoms is positive
(the negative energy increases), while for I and S atoms
is negative (energy decreases) and is large enough even
in this approximation. Such a shift of even larger mag-
nitude was observed experimentally.

The energies of core levels were calculated also
by the Hartree-Fock—Dirac method. It takes into
account experimentally obtained spin—orbit splitting
of the XPS. However, the both quantum-mechanical
methods give higher negative core-level energies than
are their experimental values.

6. Discussion

Theoretical HFR calculations give the ionization po-
tential with its zero at the vacuum level of the sample.
It exceeds a binding energy referred to the Fermi level
by a work function. From the theoretical calculations
the bulk work function of SbSI is obtained to be 3.2 eV
while the surface one is 6.8 eV. Theoretical calcula-
tions qualitatively explain the experimental values of
XPS. Nevertheless, the theoretical eigenvalues of the
valence band and core levels are higher than the exper-
imental binding energies (Table 1). Some discrepancy
is because: (i) a limited basis set of 120 AO for obtain-
ing a molecular orbital solution is used (in the case of
two SbSI molecules as the crystal model); (ii) screen-
ing effects are not taken into account. But the main
source of discrepancy is (iii) the used Gaussian orbital
basis set [19] being not accurate enough. Nevertheless,

Koopmans’ theorem provides an invaluable tool in as-
signing XPS.

From the theoretical calculations of the electronic
spectrum presented in Table 1 it follows that the phase
transition at 7¢; shifts the core levels by less than
AF}, ~ 0.2 eV. In the ferroelectric phase XPS broaden.
The top of the valence band in the ferroelectric phase
increases only by 0.1 eV. Experimentally obtained shift
(Fig. 3) is caused by the increase of the band gap with
the decrease of temperature.

Calculations of the C;,, coefficients (Eq. (1)) show
that VB consists of s- and p-bands separated by 4-5 eV.
Sb 5s, S 3s, I 5s, and S 2s states give the main con-
tribution to the s-band, while p-band mainly consists
of Sb 5p and S 3p states. Sb 4p and I 4p states also
give some contribution. Sb 5p state forms the top
while S 3p forms the high-energy edge of the p-band.
Sb 5s state forms low-energy edge while S 3s the high-
energy edge of the s-band. I 5s state causes the mid-
dle of s- and p-bands. The AO of surface atoms are
more localized while AO of bulk are delocalized. Due
to reasons mentioned above the theoretical VB from
2.4 eV extends to 27.2 eV. The bulk p-band lies from
2.4 to 14 eV and s-band lies from 18.8 to 27.2 eV.
Experimentally we also have found s- and p-bands
(Fig. 3). The surface p-band contracts from 12 to about
4 eV.

The experimentally observed large core-level ener-
gies splitting results are fairly well repeatable. The ad-
ditional excitations of the spin—orbit doublet of Sb 3d,
which move to lower energies with the decrease of tem-
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Table 2. Bond orders (density of electrons between the atoms) and
Mulliken charges of bulk and surface atoms in P2;2;2; and ferro-
electric phases.

Bond Bulk
Para Ferro Para Ferro

Surface

Bond orders

Sb-S 0.85 0.68 0.93 0.93
0.28 0.12 0.86 0.88
0.86 0.95 0.93 0.93
0.28 0.48 0.86 0.85

Sb-1 0.06 0.05 0.82 0.83
0.06 0.07 0.82 0.82
Mulliken charges
Sht0-21  gpt0-05  gp+0-82  gp+0.81
§—0-51 §—0-51 §—0-50 g—0-52
[+0-08 [+0-04 032 [-0-33
Sht0-21  gpt0-37  gp+0-82  gp+0.81
§—0-51 §—0-53 §—0-50 g—0.46
[+0-08 [+o-14 [—0-32 [0-49

perature (Figs. 4 and 5), may be related to the influence
of surface. Theoretical calculations support this idea
(Table 1).

However, one can find another reason of these exci-
tations. We used the Hartree—Fock method including
relativistic effects to calculate intensity of the Sb 3d
lines by ionizing the Sb ion from the main level of
the 5s5p3, 5325p2, and 5325p5d configurations, and by
knocking out an electron from the 3d level. The inten-
sity of lines is given by

(K~ J, = K3d 'yLSJS)

~ N(KvpJy)o(KvyJ, = K3d 'yLSJS),

where K is the configuration, v,.J, is the angular mo-
mentum (.J,) of the main level, and other multielectron
quantum numbers (y,), N (K ~,J,) is the occupancy of
the main level considering that N (K~,Jp,) ~ 2J, + 1,
and o is the cross-section of the photoionization. The
calculations have shown that photoionization of the Sb
ion from the configuration 5s25p°d shifts the 3d bind-
ing energies to higher values, and excites additional
lines. Also, due to before-collapse state of the exited
5d electron’s wave function, it is very sensitive to the
change of the local field.

In order to understand the large shift of the core-level
binding energies from the (001) plane several reasons
were analysed. First, a domain boundary may cause
appearance of inequivalent positions of atoms. How-
ever, the calculations of the core-level binding energies
have shown that the ferroelectric domain boundaries
may shift the binding energies less than 0.5 eV. Thus,
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Fig. 10. Shift of the Fermi level and XPS on temperature. All the
core-level binding energies were shifted by the same value.

the domain structure cannot explain experimentally ob-
served large shift of the core-level energies.

Second, it is known that the binding energy shifts
of surface atoms relative to bulk atoms from differ-
ent planes may differ in magnitude several times [9].
Breaking of the strong bonds in (001) plane (Fig. 9)
may cause large shifts of the binding energies from the
(001) surface. Table 1 also shows that the shift of bind-
ing energy of surface atoms is about 2.6-2.7 eV for
Sb 3d and I 3d and about 2.1 eV for S 2p. Similar shifts
are for all levels. Bond orders and Mulliken charges of
surface atoms also differ considerably from bulk atoms
(Table 2). Bonds become stronger on the surface. Sur-
face atoms are also less sensitive to the phase transition.
The dipole moment of the surface is 2 D while of the
bulk it is 3.79 D. The charge of surface Sb and I atoms
is much higher than of bulk-like atoms. Such changes
should give different XPS of the bulk and the surface.
So, the results presented in Figs. 6 and 7 may be in-
terpreted as the huge crystallographic plane-dependent
core-level binding energy shifts of surface atoms rela-
tive to bulk atoms.

Third, in ferroelectric semiconductor screening of
polarization and charging effects are also important.
All properties of the surface differ from the bulk prop-
erties [23]. High concentration of electrons or holes is
needed for the screening of high ionic and spontaneous
polarization. This causes high band binding (which ap-
proaches to the magnitude of the bandgap), a field ef-
fect and surface layers of n- and p-conductivity.

By solving the Poisson equation the surface charge
density, thickness of the surface layer, and the surface
electric field was estimated.
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The surface charge density is

P2
Ny = > 11
07 2egekT ()
and the surface layer thickness is
I
= ) 12
0= TN (12)

Both values, Ny and zj, are temperature dependent.
For SbSI at T' = 300 K, P, =~ 0.1 ,uC/cm2, e =
(15—20)-10% [13]. From Egs. (11) and (12) we ob-
tain Ny ~ 10'6 cm™3 and 29 ~ (1—2)-10~* cm. Sur-
face layers of similar thickness are known for BaTiO3
and other ferroelectrics [23]. However, for the temper-
ature 250 K, where P; ~ 20 uC /cm2 and € ~ 400,
we obtain Ny = 10?! cm™ and the surface layer is
only zy ~ 4 A. The surface electric field, caused by
free charge carriers compensating the spontaneous po-
larization, exceeds many kilovolts per centimetre. It
increases on cooling the crystal. This surface field
shifts the Fermi level and the core-level XPS to higher
binding energies. This shift was measured using the
carbon C 1s peak and the position of all the spectra
(Figs. 2-8) was corrected. Figure 10 shows this shift.
Although the XPS were measured and calibration made
at many temperatures, only some points are shown in
Fig. 10. The two lines show the phase transition tem-
peratures, 11 and T2. The appearance of a small po-
larity in the P2:212; phase (295 K < T < 415 K)
charges the crystal surface and the produced surface
electric field shifts the core-level XPS. In the ferro-
electric phase (I'" < 295 K), in addition to charging
due to the increased bandgap and decreased conduc-
tivity the sharp shift of the XPS on cooling is influ-
enced by the strong increase of the spontaneous po-
larization. Nevertheless, the calibration with the C 1s
peak allowed measuring nearly a proper position of the
core-level XPS.

From the Poisson equation one can obtain the sur-
face potential

h
Vs & Q+ga (13)

where h is the thickness of the crystal and ()4 is the
positive charge density. A positive surface potential V5
is equivalent to the increase of the electron energy affin-
ity which leads to the increase of the normal component
of the momentum of the electrons that may escape into
vacuum. Any local change of the permittivity, €, or h
will induce the lateral change of V5 and then of the elec-
tron emission intensity. The change of charging due to
change of the spontaneous polarization may change the

direction of the internal electric field, and this field may
push the slow photoelectrons emitted from the crystal
to go back towards it. A separate task is a calculation of
the intensity of emission in the presence of the strong
electric field in the 2 layer in a ferroelectric semicon-
ductor of such electric conductivity.

Illumination of the crystal with visible light induces
a decrease of the temperature-dependent surface poten-
tial V5 and of the internal electric field, and thus core-
level XPS shift. As aresult, XPS peaks appear at lower
binding energy (Fig. 8).

Finally, no such splitting of core-level energy was
observed in SbaS3 or BisS3 crystals [22,24]. It seems
that the large splitting of core-level energy is character-
istic of highly anisotropic quasi-one-dimensional crys-
tals.

7. Conclusions

X-ray photoelectron spectra of the valence band
and of the principal core levels of the semiconduc-
tor ferroelectric SbSI crystal are presented in the en-
ergy range from O to 1400 eV at different tempera-
tures. A molecular model of the crystal is used for
ab initio theoretical calculations of the binding ener-
gies. Theoretical values of the binding energies are
close to the experimental ones. The structure of valence
band is calculated and confirmed experimentally. The
XPS studies revealed the huge crystallographic plane-
dependent shifts (~3-5 eV) of surface atoms relative
to bulk atoms. Theoretical ab initio calculations con-
firmed these findings. XPS are sensitive to surface po-
tential changes but these changes take their origin in
the bulk of the crystals. The presence and temperature
dependence of the spontaneous polarization charges a
surface of the crystal and shifts the spectrum. Changes
of the Fermi energy and bandgap at the phase transition
also shift the spectrum. Therefore, the valence band
and core levels of this quasi-one-dimensional semicon-
ductor ferroelectric are extremely sensitive to changes
of the chemical environment of atoms, phase transition,
and spontaneous polarization.
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Santrauka

Pateikti feroelektrinio puslaidininkio SbSI kvazivienmaciy mo-
nokristaly Rontgen’o spinduliais suzadinty fotoelektrony valen-
tinés juostos (VJ) ir (110) bei (001) plokStumy svarbiausiy gi-
liy lygmeny spektrai 215-390 K temperatiiros srityje. Fotoelekt-
rony suzadinimo $altinis buvo Al K, 1486,6 eV monochromatiné
spinduliuoté. SuZadinty fotoelektrony spektrai matuoti nuo 0 iki
1400 eV energijos srityje. Eksperimentiskai iSmatuotos fotoelekt-
rony energijos vertés yra palygintos su teoriniy ab initio skaiCia-
vimy rezultatais kristalo paraelektrinés ir feroelektrinés fazés pa-
virSiaus ir tlirio atomams. Apskaiciuota ir eksperimentiskai pa-

tvirtinta kristalo VJ sandara abiejose fazése. Nustatyti Sb, S ir
I atomy cheminiai poslinkiai. Parodyta, kad pavirSiaus ir ttrio
atomy fotoelektrony rySio energijos vertés yra skirtingos. Pirma
karta eksperimentiSkai pastebétas ir teoriSkai patvirtintas ypatin-
gai didelis (3-5 eV) pavirSiaus atomy giliy lygmeny rysio ener-
gijos poslinkis trio atomy rySio energijos atzvilgiu nuo (001)
kristalografinés plokStumos. IStirta feroelektrinio fazinio virsmo
itaka valentinés juostos sandarai ir giliy lygmeny spektrams. Ap-
tariami fotoelektrony rySio energijos pokyciai dél temperaturos,
Sviesos, kristalografinés krypties ir kristalo savaiminés poliariza-
cijos.



