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The first detailed study of photoelectron spectra ofT8}Se and (Bj;Sh, 3),Se; (111) clean and
sputtered surfaces is presented as part of an XPS examination of the surface chemistry of the
related materials. The core level binding energies and surface chemical composition have beer
mined from the XPS data. On substitution of Te by Se yT&Heading to Spre,Se the core level
binding energies in Sb and Te increase by 0.3 eV while jBeBthe binding energy of core elec-
trons does not change on replacement of Bi by Sb. The measured core level shifts are cau
changes of the initial state charge distribution and result in increase of average ionicity of bond
the SRTe,Se crystal. The surface composition of,BSe sample calculated from intensities o
photoelectron spectra agrees well with the bulk composition of the crystal whileStBL),Se;
sample shows enrichment in Bi. The effect of argon ion bombardment on surface compositic
various impact conditions has been investigated. The surface enrichment in Sb and Bré&gs&b
and (Bp /Shy 2),Se; sample due to different atomic sputtering yields is observed. It follows from
relative intensities of photoelectron spectra measured at different detection angles that the ¢
arrangement of the superficial layers sampled by the XPS method is damaged by sputtering
energies as low as 200 eV and dokes2 . 13°ion/cn?.

Key words: X-Ray photoelectron spectroscopy; Substitution effects; lon sputterindesSise,;

(Bi1Sh),Ses.

The narrow bandgap=Q.1 eV) A/BY' mixed semiconductors with a rhombohedral la
tice are attracting much attention as promising materials for thermoelectric applicati
The crystal lattice of these semiconductdes formed by periodic arrangements o
layers perpendicular to the trigonal agi€Each layer is composed of five atomic plane
arranged according to the pattern :-BB2A-B... (see Fig. 1). There is a van de
Waals gap between'Bitomic planes of adjacent layers. Due to the predominantly
der Waals nature of interlayer bonds the (111) cleavage plane is well defi
atomically smooth and unreconstructed. Interest in thf&hSe (x = 0 to 1) and

(Bi;_Sh),Se; (x = 0 to 1) ternary systems has increased during the last decade, be
their transport and thermoelectric properties can be varied by changing elemental
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position. While exhaustive literatdré8is available on preparation, optical and electr
cal transport properties of these materials, systematic studies on the effects of su
tion on charge distribution are rather scarce. For applications also the therma
electrical reliability of the contact between the thermoelectric material and the n
electrode is of considerable importance. Many standard contact methods cause «
rioration of the thermoelectric and mechanical properties by diffusion of the cor
electrode material and other surface impuriti€or cleaning of surfaces their irradia
tion with ion beams is widely used in surface science and technology. However,
well established that many physical and chemical properties of surfaces may be |
fied by the ion beam$2 The surface may be etched by physical sputtering or che
cal reaction, this film may be deposited on the surface, or grown from chen
reactions between the incident particles and the sdffdéeEnergy may be transferred
between the colliding particles and the surface, leading in some cases to the emn
of light or electrons. The rates at which these various processes occur depend pri
on the velocity of the incident particle, frequently increasing greatly as the inci
energy increases. For low energy of incident ions the sputtered ions are emitted
within 1-2 atomic layers. In spite of a large amount of data and knowledge obtaine
the ion-solid interaction a detailed description of surface modifications is still miss
In addition, extrapolation of the available results to other experimental conditions
materials is not always possible. At low ion energies atomic mixing and amorphiz:
consisting in rearrangement of the atoms due to interaction with ions are impc
processes. The layered materials with well defined in-depth distribution of element
well suited for the study of ion damaging processes.

X-Ray photoelectron spectroscopy (XPS) is a surface sensitive method with ty
information depth of 1-5 nm, giving in one experiment definite information on
chemical composition and electron density distribution in the superficial layers of
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terials. The method allows to perform quantitative analysis with a relative precisio
to 5%. In this work we have used the XPS method to evaluate the changes of a
charges accompanying the substitution of Te by Se jiegland Bi by Sb in BiSe,.
Furthermore, we have also investigated the changes of surface composition cau:
bombardment of Sfie,Se and (Bj,Sh, 3),56; 5 (111) surfaces by argon ions with low
(200-400 eV) and high=b6 keV) energies. The question raised in this paper are: H
is the surface composition modified by ion irradiation? What are the conditions fol
least damaging bombardment? Is there an energy threshold for ion damage? The
of the XPS technique to determine the surface composition and to distinguish bet
the different chemical states of elements makes this method very efficient in stu
these changes.

EXPERIMENTAL

Sb,Te,Se and (Bj;Sh, 3,56 o as well as parent $be; and BjSe; single crystals were obtained
from Department of General and Inorganic Chemistry, University of Pardubice (Czech Repu
The latter two samples were studied for comparative purposes. The crystals were prepared frc
ments of 99.999% purity. They were grown using vertical Bridgman method. A clean surface
prepared by cleaving the crystal along (111) plane under ultrahigh vaeinf Pa) in preparation
chamber of the electron spectrometer. lon irradiation gT&Be and (Bj ;Sk, 3),S6; 0(111) surfaces
was performed using an Aron beams produced by VG AG1 (200-500 eV) and AG2 (2-10 ke
ion sources.

Electron spectra were measured using a VG ESCA 3 Mk Il spectrometer equipped with
anode X-ray source (Al&/MgKa). The vacuum in the spectrometer was typically 3-8 B@. The
electron energy resolution defined as the width (FWHM) of the Ay l#fe (binding energy 84.0 eV)
was 1.2 eV. The electron energies were measured with respect to the Fermi level. The Se 3d,
Te 4d, Bi 5d and valence band (in some experiments also Sb 3d, Te 3d, Bi 4f and selected
transitions) photoelectron spectra were measured at high resolution and at several (at least tw
ferent take-off angles. At lower detection angles (with respect to the sample surface) the surfa
lectivity of the method is increased. In order to increase the signal to noise ratio, repeated sca
data summing were made. Data acquisition and processing were performed using routine pro
The Shirley-typ&® non-linear background was used. The overlapping peaks were resolved into
vidual components using the lines of Gaussian-Lorentzian shape and the damped non-lineg
square techniqdé Theoretical photoionization cross-sectibhgere used to convert peak areas int
the elemental concentrations.

RESULTS AND DISCUSSION

Clean Surfaces

The survey spectra (Fig. 2) of gke;, SbTe,Se, BySe; and (B}, ;Sh, 3),S6; (111) sur-

faces have shown no peaks which could be attributed to contaminations demonst
thus the cleanliness of the studied surfaces. The core level binding energies as v
the photoemission peak widths at half heights (FWHM) are listed in Table I. Spin-
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splitting of the Se 3d level is not clearly observed. FoiSBisample the obtained
binding energies are in very good agreement with the previously reported'¥zllies
The structure of Sfe;and BiSe; (Fig. 1) implies the existence of two types of inequ
valent group VI atoms in the lattice. However, the photoelectron spectra show nc
dence of the two distinct peaks. This result indicates that in spite of the differen
bonding environment the difference in the atomic charges betwe¥Beleand

TABLE |

The core level binding energieSg, and widths, FWHM, of the photoemission lines (in parenthese
All data are in eV

Es
Sample
Sb4d, Sb3d, Tedd, Te3d, Bibdsy Bi 4f,), Se 3d
ShTes 325 528.6 39.8 572.3 - - -
1.3) 1.4) 1.4) (1.4)

ShTeSe 32.8 530.0 40.1 572.5 - - 54.0
1.3) 1.4) (1.3) (1.4) (1.8)

Bi>Ses - - - - 24.8 157.9 53.7

(1.3) 1.1) 1.7)

(Bio.7Shn.3)2Ses 32.8 529.0 - - 24.8 157.8 53.7
1.3) 1.4) 1.2) 1.2) (1.8)

Fic. 2
The XPS wide-scan survey spectra of (111

. J cleaved surfaces of1) ShTe; (2) ShTe,Se, B3)
400 g oy 800 Bi,Sey, (4 (Bio.7Shy 9S8

it

o
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TeX(S€) atoms is rather small or is compensated by the difference in extraatomic r
ation energy. The core level binding energies in both Sb and Te are shifted&Sh
by 0.3 eV towards higher binding energies compared $@esbThis is consistent with
the increase of positive charge on the Sb atom and decrease of negative charge
atoms. The shifts show that replacement ofatems by more electronegative Se aton
increases the average ionicity of Sb2S@_, bond in the crystal and consequently ir
crease the bond strength and energy gap. It follows from comparison of shifts c
core levels and of Auger pegksaccompanying the substitution of Te by Se igTeh
that they are mostly caused by initial state effeces,by charge density decreast
around Sb and Te atoms. The values of the modified Auger parantef@aculated
as the sum of Auger electron kinetic energy and photoelectron binding €éydgr
Sh, Te and Se for the samples studied are given in Table II. It follows from the da
this table that the observed variationsaofire small and they are within the limits o
the experimental error. Taking into account that the changes in modified Auger
ameter are principally due to changes in extraatomic relaxation energy we come
to the conclusion that the binding energy shifts are caused by rearrangement
charge density distribution of the valence electrons on substitution.

On the other hand, electronegativities of Bi and Sh are the same and in accorc
this the Bi and Se core level binding energies iBBjand (B}, ;Sh, 5)Se; and conse-
guently the atomic charges are identical.

Figure 3 shows the XPS valence band spectra of the samples studied. Their &
ment, based on comparison with the spectra of clean surfaces of respective elem
given in Table Ill. The measured spectra do not differ to much from the spectra g
ated by superimposing the valence band spectra of the constituent elements
valence spectrum of B$e, agrees well with that reported in the literatGré.

Fic. 3
Valence band photoemission spectra df) (
SbTe;, (20 ShTeSe, @ Bi,Se, (4
(Big 7Sk 9),Se; (111) clean surface
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For calculation of the stoichiometry of the samples the spectra of electrons emitt
45° with respect to the sample surface were used. The reason for this is, that as a
mentioned at low detection angles the surface selectivity is enhanced and the restL

TaBLE Il

The modified Auger parameters, for the studies samples. All data are in eV

a
Sample
Sb Te Se
SkTes 496.4 532.4 -
ShTe:Se 496.5 532.5 1362.8
Bi2Ses - - 1362.8
(Bio 7Sk 3)25e€; 496.4 - 1362.7

TasLE Il

Binding energies of valence leveEg (eV), and their assignment

Sample Eg Assignment
ShTes 1.6 Te 5pr2 + Sb 5p12
3.9 Te 5pr2 + Sb 5p2
10.0 Sb 5s
12.7 Te 5s
ShTexSe 15 Te 5p2+ Sb 5pr2
3.4 Te 5pr2 + Sb 5p2 + Se 4pr2
5.1 Se 4p»
9.9 Sb 5s + Se 4s
13 Te 5s
BbSe 1.9 Bi 612
4.2 Bi 6p/2 + Se 4p
12.5 Bi 6s + Se 4s
(Bio.7Shn.3)2Ses 1.8 Bi 62 + Sb 5pr2
4.1 Bi 6p/2 + Se 4p + Sb Gp
12.7 Bi 6s + Se 4s + Sb 5s
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influenced by increased contribution of the uppermost layer which is composed o
atoms of one type only. For example, the stoichiometry of the cleaglf&hSe
sample measured at detection anglé, &8, jTe, ;S 4 iS Within the experimental
error in agreement with the nominal stoichiometry of the sample. The stoichion
measured at lower detection angle Sh, Te, 1,56 5, IS more influenced by the
layered structure of the material, ... Te—Sh—Se—Sb-Te... (see Fig. 1a), where the
most surface layer is composed of tellurium atoms only.

The obtained surface compositions for the samples studied were as foll
S, oTe; o ShoTe, ;S& o Biy ;S8 o and Bi, sSh, ;Se; . The stoichiometry of the first
two samples agrees within the experimental error with their bulk composition.
samples containing Bi and excess of this element was observed. This overstoichic
of Bi was found for several different detection angles ranging frome 5 and con-
sequently it can not result from the effects of the photoelectron diffraction. In the
level spectra of the studied samples considerable plasmon-loss peaks are seen (
The inclusion of their intensity into calculation of the surface composition does
lead to stoichiometry different from the results given above. The calculated comj
tion also does not depend on whether Bi 5d and Se 3d or Bi 4f and Se 3s peaks al
for quantitative analysis. It is not the intent of the present paper to discuss the ori
this overstoichiometry in detail. Such discussion would require more experimental
on a series of Bi compounds, which will be reported in a forthcoming study.

Sputtered Surfaces

The surface composition changes when the samples are sputtered mnsArThe
effect of sputtering on surface composition has been investigated in detail with te

Fic. 4 .
XPS spectra of Bi 5d and Se 3d electrons in |, . s s
Bi,Se;. s1-s4 are energy-loss satellites 20 40 60 80
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samples. Two series of experiments were carried out usirignsrwith low (200+ 400 eV)
and high (2.4~ 5 keV) energies, respectively. The employed ion doses ranged f
4 .10*to 1 . 147 ion/cn?. Using the angle of incidence (measured from the sam
surface) equal to 30the estimated depth of penetration of ions into the sample
approximately 1-4 nm. The estimated average sputtering rate at low (I@WeV) ion
energies under conditions used in this work is roughly 0.2-0.3 layer/min.

In Fig. 5 the Sb 4d, Te 4d and Se 3d electron spectra of the cleaved unspu
Sh,Te,Se (111) surface along with the spectra of the sputtered surfaces are pres
Sputtering by Afions results in gradual surface enrichment in antimony and decre
of tellurium and selenium contents (see Figs 6, 7 and Table IV). The saturatic
achieved at ion dose2 . 10%ion/cn?. In the initial stage of sputtering the seleniur
concentration (see Table V) does not change with ion dose monotonously. It incr
at low expositions (in the range+04 . 13°ion/cn?) while at higher ion doses only
decrease was observed. The initial increase in the selenium concentration can |
plained as a consequence of a layered structure of the sample (see Fig. 1). Due
structure the signal from the uppermost Se layer of the unsputtered sample is attel
by Sb and Te layers present above it and its intensity increases when these two
are partly removed by sputtering. It follows from the data in Fig. 6 that the ord
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High-resolution narrow-scan spectra of Sb 4d, Dependence of the Te/Sb atomic ratio on io
Te 4d and Se 3d electrons in,5&Se. (1) dose,l (. 10" ion/cn?), in ShTeSe. () E =
Clean surface;d) surface sputtered by Aions, E = 200 eV, (I) E= 300 eV, () E= 400 eV; A 6 =
200 eV, = 4.4 . 1&%ion/en?; (3) E = 400 eVl = 45, 00=5

35.10% (49 E=4 keV,l = 1.1 . 187 ion/cn?
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structure of the sample is damaged at ion dbse80 . 10%ion/cn? and as a result the
value of the Te/Sh atomic ratio does not depend on the detection angle. On the
hand the Se/Sb ratio (Fig. 7) measured’°as@mlways higher than that measured &t 4~
indicating the surface segregation of selenium. It is interesting that the sputtering
low ion energiesK = 300+ 100 eV) caused greater changes in surface stoichioms
than sputtering by ions with energy in keV range at comparable ion doses (see Table

TasLE IV
Surface composition (at.%) of the S&,Se sample before and after"Aon sputtering E = 200+
400 eV) obtained at two different detection angles

5° 45
lon dose
Sb Te Se Sb Te Se
0 40.1 42.9 17.8 41.0 40.6 18.4
4.5 41.0 39.8 19.2 42.7 40.2 17.1
350 51.4 33.2 15.4 52.2 34.5 13.3
1126 47.1 36.0 16.9 50.0 36.0 14.0
2E = 4 keV.
0.5 [ T T T T ]
seisb | XX 15 x x t
w X X A A
a y A A A
04 & 1 4 XX 1
A
A X
A &
x w3l 1
AAAX Xy T X ' s
0.3 |- Af x x X X
A =" 12l & i
4 a A A ' Q
] ! X ] i
I 1 | n I 1 i n
| L L | 1 1 Il Il
0 100 200 300 0 100 200 300
I
Fic. 7 Fic. 8
Dependence of the Se/Sb atomic ratio on ion Full width at half maximum of Sb Nine, W
dose,l, in ShTe,Se. Definitions as in Fig. 6 (eV), versusion dose,l, for STe,Se. Defini-

tions as in Fig. 6
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With increasing ion dose the widths of the core level spectra increase. This inc
is best measured with narrow and intense Sb 4d lines (Fig. 8) and it can be attribu
the presence of several chemical states of Sb atoms in the sputtered surfaces. It
be mentioned that for ion doses up to 20%*idh/cn? the width of the Sb 4d line does
not change. The change in the chemical environment of Sb atoms induced by ion
tering is also reflected in changes of the core level binding energies. The almost
increase in separatiodE, of Se 3d and Sb 4d levels (Fig. 9) is mainly due to the
decrease of Sh 4dbinding energy, indicating that Sb atoms are less positively char
in the layer damaged by ion bombardment. This behaviour is quite consistent
observed decrease of concentration of the negatively charged Te and Se atoms
sputtered surfaces.

In Fig. 10 typical core level spectra of virgin and sputtered surfaces
(Big ;Shy 2),S6;(111) sample are presented. The sputtering results in surface enrich
by Bi (Fig. 11 and Table V), which is proportional to ion dose. In contrast fDeghe
sample the saturation is achieved at ion doses as high>as . 167 ion/cn?. The
concentration of Sb does not change during sputtering. New chemical states of I
created during sputtering leading to the broadening of the Bj b (Fig. 12). The
separation between the Se 3d and BjHthes increases with increasing Bi/Se rati
(Fig. 13). The Bi 5¢,spectra of the sputtered sample can be fitted by two overlapy
lines (Fig. 14) separated by 0.8 eV and corresponding to metallic Bi and Bi aton

T
3 3.
215 ° o @ E SN
Al o o / ” N 4
B |
[ J b |
214 | ° e o -
° °
LAY
213 . 1
°
212 ® @ .
Il 1 Il 1 1 1
25 3.0 35 40 20 40 60
Sb/Se Eg, eV
Fic. 9 Fic. 10

Energy separatiolE (eV), between Se 3d and High-resolution narrow-scan spectra of Bi 5d
Sb 4d,, binding energies in dependence on Sb 4d, and Se 3d electrons in {Bh, 5),Se;.
Sb/Se atomic ratio for $be,Se sample bom- (1) Clean surface;q) surface sputtered by Aons,
barded by Ar ions E =300 eV, = 6.4 . 18%ion/cnf; (3) E = 3 keV,
1=18.18% @ E=9eV,I =15. 18ion/cn?
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selenide. The intensity of the peak corresponding to metallic state increases wi
creasing ion dose.

The sputtering of multicomponent samples is a rather complicated process and
different mechanisms, comprising implantation of primary ions, relocation of san
atoms (atomic mixing), amorphization, enhanced diffusion and surface segregati

TaBLE V
Surface composition (at.%) of the §BSh, 5),Se, sample before and after Aion sputtering E =
200 + 400 eV) obtained at two different detection angles

5° 45°
lon dose
Bi Sh Se Bi Sb Se
0 36.7 12.4 50.9 38.4 12.1 49.5
4.5 38.7 11.3 50.0 39.7 11.5 48.8
90 44.5 12.9 42.6 44.9 12.2 42.9
4 706 52.7 12.7 34.6 53.6 11.0 35.4
8E = 5 keV.
. 18 i
12+ X ' X
BilSe w x A
X X
10 L E 16 X 7]
x
A
A X A
N x 4
* "
o8 A ] 14+ q
: A
X . x . . .
I R TR A [ Y
0 100 ; 200 0 100 . 200
Fic. 11 FiG. 12

Dependence of the Bi/Se atomic ratio on ion Full width at half maximum of Bi ©line, W
dose,| (. 10" ion/cnd), in (Biy-Shy3,58. (1) (eV), versusion dose|, in (Biy ;Shy,S8. De-
E =200 eV, (I) E =300 eV, () E =400 eV, finitions as in Fig. 11
(IV)E=3keV;406=45,00=5
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well as preferential sputtering. All these effects may lead to enrichment or depletic
the surface in one of the components. The most important is the preferential sput
which stems from the different atomic sputtering yields. If the sputtering yield of
sample components does not depend on their bulk concentration the surface cone
tion of a given component is inversely proportional to its sputtering yield and the
face is enriched in the element with lower sputtering yield. For two components
have:

CRICE = (YalYa) (QRICP) @

where the subscripts A and B denote the two components and superscripts and |
respectively to surface and bulk.

According to linear collision-cascade thebithe ratio of the sputtering yields of the
two target components, A and B,/Yg is defined only by the massé4, and Mg and
the surface binding energi&s andEg, being given by:

YalYg = (Mg/M,)?™ (Eg/Ex) 2" @

293 o |
AEg
2921 :

29.1 - -

29.0 - [} ]

289 o@® 7

1.2 3 3
Bi/Se Eg, eV

Fic. 13 Fic. 14
Energy separatiol\E (eV), between Se 3d and Fitted photoelectron spectra of Bi 5d and Sb 4
Bi 5ds;, binding energies in dependence on electrons for (Bj;Sh, 3),Se; sample sputtered
Bi/Se atomic ratio for (Bj,Sh,3,Se; sample by Ar*ions,| = 14 . 18*ion/cn?
bombarded by Ar ions
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where relevant values of the parameteshould be in the rangesOm < 0.25, depending
on the ion energy and masdds

Within the linear cascade regime the theory therefore predicts preferential sputt
to depend only on the mass and surface binding energy differences of the compc
involved and on the magnitude of the parameateiet us to mention that the above
results were derived for an homogeneous medium but their validity is not limited to
situation. In the case of inhomogeneous samples they can be generalized by usin
age compositions over relevant depth ranges. According to this model the prefer
sputtering of lighter component and therefore surface enrichment in the heavie
should occur. However, sinaa is small, more important are usually differences
surface binding energies resulting in preferential removal of the more weakly b
atoms.

In Table VI the masses and surface energies of the pertinent elements are give
agreement with ref® we assumed that the elemental surface energies equal to
sublimation energi€) These data lead to the following sequence of the sputtet
yields Yg; < Ygp< Y1 = Yg. The low sputtering yield of Bi is mainly determined b
high atomic mass while differences between remaining elements are caused by
ent surface binding energies. The measured changes of surface composition
samples achieved at higher ion doses are thus in qualitative agreement with ex
tions based on linear cascade model.

CONCLUSIONS

X-Ray photoelectron spectroscopy was applied for evaluation of the changes of a
charges caused by substitution of Te by Se T&mand Bi by Sb in BiSe;,. The core

level binding energies in Sb and Te increased by 0.3 eV on substitution, showinc
the positive charge on Sb and the ionicity of bonding in the crystal increases. O
other hand the atomic charges in,33; did not change on substitution. The surfac
composition of SPre;and ShTe,Se (111) surface calculated from the XPS data was

TasLE VI
Atomic massesiM, and sublimation heats (kJ/g-atom) at 298 K

Atomic no. Element M AH2%
34 Se 78.96 206.8
51 Sb 121.75 262.1
52 Te 127.6 195.1
83 Bi 208.98 209.1
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212 Bastl, Spirovova, Janovska:

agreement with the bulk stoichiometry of the samples while an excess of Bi wa:
served for BjSe; and (B ;Sh, 5),56; 0(111) surfaces.

The changes of the surface composition caused bipAbombardment of She,Se
and (Bj ,Sh, 3),S6; ¢ (111) surfaces were measured. The results show that the sul
layer probed by the XPS technique (few nm) becomes damaged by atomic m
and/or amorphization at ion energies as low as 200 eV and at ion ldes2s 1G°
ion/c?. The surface enrichment in Sb ¢3B,Se) and Bi ((Bj,Sh, 2,56 was ob-
served. The observed changes in surface composition produced mnAputtering
can be interpreted in terms of preferential sputtering of element with high sputte
yields and are in qualitative agreement with results expected from the linear cascade |
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