PHYSICAL REVIEW B 77, 172201 (2008)

Coordination defects in bismuth-modified arsenic selenide glasses:
High-resolution x-ray photoelectron spectroscopy measurements
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The possibility of coordination defects formation in Bi-modified chalcogenide glasses is examined by high-

resolution x-ray photoelectron spectroscopy. The results provide evidence for the formation of positively
charged fourfold coordinated defects on As and Bi sites in glasses with low Bi concentration. At high Bi
concentration, mixed As,Se;-Bi,Se; nanocrystallites are formed in the investigated Se-rich As-Se glasses.
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The existence of coordination defects (CDs) such as the
pairs of positively charged overcoordinated and negatively
charged undercoordinated atoms in covalently bonded chal-
cogenide glasses (ChGs) is one of the most controversial
points in glass science.'~!! To explain the unique features of
these semiconducting materials, the earliest electronic band-
gap models*~? assumed a high density (~10'-10% cm™) of
defect energetic states, which pin the Fermi level near the
middle of the gap. Consequently, it is difficult to change the
type of conductivity such as from p type to n type by con-
ventional doping with aliovalent impurities. Since 1975,
various authors have proposed with variable success these
defect states as due to dangling bonds,>” CDs,%° or “wrong”
homopolar bonds (chemical disorder).! Among them, the
CDs provide the most attractive explanation for the unique
photoinduced phenomena exhibited by ChG. However, con-
vincing experimental evidence for the existence CD in virgin
ChG structure has not been obtained thus far. Reasons for the
lack of their observation include diamagnetic nature of CDs,
or perhaps their low intrinsic concentration at the level of
~10'7 cm™3.M11 Therefore, traditional experimental tech-
niques used for defect detection in solids, viz., electron spin
resonance, nuclear magnetic resonance, and Raman and in-
frared (IR) vibrational spectroscopies are not useful for de-
tecting intrinsic or native CDs in ChG."7 Only indirect evi-
dence for transient CDs induced by in situ photoexposure at
low temperatures has been obtained with extended x-ray ab-
sorption fine structure spectroscopy for some Se-based
ChG."2 Additionally, the formation of metastable CDs
caused by high-energy irradiation'®!# or photoexposure'> has
been inferred from the analysis of IR vibrational spectra that
show switching of covalent bonds.

Recently, it was proposed that the addition of Bi intro-
duces high concentration of native CDs into the network of
Se-based ChG and changes their electrical conductivity from
p to n type.'®!” This experimental observation has opened
broad opportunities for the application of ChG, since in the
past they were found to possess only p-type electrical con-
ductivity that was insensitive to doping.'”” However, the role
of Bi in transforming electrical conduction from p type to n
type remains ambiguous. According to one model, Bi atoms
are incorporated into chalcogen-based network as positively
charged centers (both Bij or Bi; CD, where superscript
means charge state and subscript means coordination),'$!”
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while others have suggested negatively charged defect cen-
ters (Bi; or Big CD).!720 Yet other authors consider Bi as
electronic analog of As and Sb atoms to form pyramidal
structural units BiSe;,, of normal coordination, such as
As/SbSe(S)3/, pyramids predicted by “8-N” rule.!?!??> Each
of these approaches provides its own explanation of changes
in electrical conductivity from p to n type, which is appli-
cable only for some specific ChG compositions (close to
stoichiometry??) or systems [such as Ge-Bi-Se/S (Refs. 16
and 18)].

In this work, we have exploited high-resolution x-ray
photoelectron spectroscopy (XPS) to establish the role of Bi
in the structure of typical Se-rich glasses, such as As-Se.
Specifically, we have investigated changes introduced by a
small addition (up to 4 at. %) of Bi in the electronic sub-
system of Asy,Segy ChG of eutectic composition.”> We have
chosen the compositions with due consideration to the glass
forming region of As-Se-Bi system,!?? the sensitivity of XPS
technique and to the predicted concentration of CD (couple
of percents').

The bulk ChG samples were prepared by conventional
melting of appropriate mixture of high purity (99.999%) pre-
cursors in evacuated quartz ampoules, followed by air
quenching to room temperature.

The XPS spectra were recorded with a Scienta ESCA-300
spectrometer  using  monochromatic Al Ka  X-ray
(1486.6 €V). The instrument was operated in a mode that
yielded a Fermi-level width of 0.4 eV for Ag metal and at a
full width at half maximum (FWHM) of 0.54 ¢V for
Ag 3ps,, core-level peak. Energy scale was calibrated using
the Fermi level of clean Ag. To eliminate ambiguities that
might be introduced into the XPS spectra as a result of sur-
face reactions with oxygen or other surface contamination,
the glass specimens were fractured inside the analysis cham-
ber at pressures typically 2 X 1078 mbar or less. The surface
charging from photoelectron emission was controlled by
flooding the surface with low-energy (<10 eV) electrons.
The raw data were calibrated according to the gold 4f;,
(84 eV) line position, as described elsewhere.>*

Data analysis was conducted with standard CASA-XPS soft-
ware package. For analyzing the core-level spectra, Shirley
background was subtracted and a Voigt line shape was as-
sumed for the peaks.25 Each d core-level spectrum for As, Bi,
and Se in our samples consisted of one or more spin orbit
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doublets splitting into ds;, and d3,, components. The number
of doublets within a given peak was determined by an itera-
tive curve fitting process in which a doublet was added only
if it significantly improved the goodness of fit of the experi-
mental data to the envelope of the fitted curve. The uncer-
tainties in the peak position and area of each component
were +0.05 eV and *2%, respectively.

Recently, we have demonstrated the usefulness of XPS
technique to identify gamma-induced metastable CDs in
radiation-modified S-based ChG.?® In general, the identifica-
tion procedure is based on the main principle of XPS data
analysis?’ that the position (or binding energy) of a core-
level XPS peak of a given atom would shift with respect to
normal position as a result of the following:

(I) changes in its coordination (higher/lower number of
nearest neighbors),

(IT) changes in the ionic state (changes in bond type, ex-
cess of positive/negative charge, etc.), and

(TI) substitution of one or more of its neighbors by a
chemical element with different electronegativities or charge
states (charged defects, etc.).

So, if over- or undercoordinated charged defects form in
the covalent network, we should observe (according to I and
II) additional doublets in the XPS core-level spectrum of a
given element related to its specific defects (i.e. Asj, Bij,
Se, or Se}) and additional doublets associated with the in-
fluence of these defects on the neighbored atoms (according
to III). It should be noted here that the formation of nano-
crystallites can also shift the position of core-level peak com-
pared to its position in glass, as reported by Takahashi et al.?®
For this reason, we have included a partially crystallized
sample of As,,Se;sBiy composition in our study.

Differential scanning calorimetry data of all investigated
ChG showed the presence of glassy phase in all samples
including the partially crystallized composition. No large-
scale phase separations or cluster formation could be inferred
from these data. X-ray diffraction (XRD) spectra showed the
presence of crystallites only in the sample of As,,Se;sBiy
composition. The peaks in the XRD pattern of this specimen
correspond to the reflections of hexagonal phase similar to
the one observed for Bi,Se; nanocrystals.?’ All the remaining
samples did not show any significant crystalline reflections
in their XRD patterns. Scanning electron micrographs
(SEMs) of the present samples confirm this observation. For
example, freshly fractured surfaces of As;9SegyBi; and
AsyoSes¢Biy samples are compared in Fig. 1. The vortexlike
structures, which were uniformly distributed throughout the
whole bulk of the As,,Se;.Bis sample [Fig. 1(b)], were not
observed in any other investigated composition. No elements
other than the glass components were observed in the survey
XPS spectra, which showed only peaks associated with the
As, Bi, and Se core levels and related Auger lines. In par-
ticular, there was no evidence for oxygen or sulfur contami-
nations on any of the surfaces.

The XPS 3d core-level spectra of As and Se in Bi-free
samples can be fitted by the number of doublets predicted by
the “chains crossing model,” which was recently validated
for As-Se ChG.>* According to this model, the As,,Sego ChG
contains only Se-Se-Se (25%), As-Se-Se (75%), and Se-As
<(Se), (100%) structural units.?* Experimentally obtained
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FIG. 1. SEM images of freshly generated cracks in (a)
AsoSegoBi; (backscattered electron image) and (b) AsyySesBi4
(secondary electron image) ChGs.

As and Se 3d core-level spectra for As,,Segy ChG and their
best fits are presented in Fig. 2(a). Fitting parameters, such as
peak position or binding energy, partial area (A), and FWHM
are given in the insets of Fig. 2. On the basis of electrone-
gativity data and compositional dependence of XPS spectra
in this ChG system,?* the Se 3d doublets with the intensity of
primary components at ~54.8 eV were attributed to Se-Se-
Se, at ~54.4 eV to As-Se-Se and at ~54.0 eV to As-Se-As
structural fragments (Fig. 2). The As3d doublet with the
intensity of main component at ~42.1 eV was assigned to
Se-As < (Se), regular environment (Fig. 2). There is no evi-
dence for the existence of charged over- and/or undercoordi-
nated atoms in observable concentrations (more than the de-
tection limit of the technique, i.e., a couple of percent)
according to the present analysis of XPS core-level spectra
of Bi-free bulk ChG.

This situation changes with Bi addition [Figs. 2(b) and
2(c)]. Besides the doublet at ~42.1 eV of Se-As<(Se),
regular environment, additional doublets appear on the high-
energy side of the As core level for As;oSegoBi;. The doublet
at ~43.0 eV, a characteristic ChG with low Bi concentration
(less than 1 at. %), becomes insignificant (less than ~2% of
the whole area under XPS As core-level spectra) with in-
creasing Bi concentration, while the one at ~42.4 eV be-
comes dominant (~97% of all As atoms) in As,;SesBiy
composition. Additionally, for the latter ChG, the chemical
shift between Se and As core-level XPS spectra decreases on
~0.2 eV in comparison to the Bi-free samples for which
XPS core-level spectra exhibit almost constant shift of
~12.2 eV independent of composition.>* A similar behavior
was observed earlier for As,Se; glasses doped with >4 at. %
Bi,® which could not be explained.

The doublet in As core level with primary component at
~43.0 eV [Fig. 2(b)] is assigned to the formation of Asj
coordination defects according to the above principle of CD
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identification, while the component at ~42.4 eV is suggested
as due to the As atoms that take part in the formation of
mixed Bi,Ses-As,Se; nanocrystallites of hexagonal structure.
It was shown on the basis of XRD and optical investigations
that the incorporation of As into Bi,Se; crystalline structure
does not significantly change the lattice parameters of the
latter.3! The increase in the binding energy of As3d core-
level of nanocrystalline phase (42.4 eV) in comparison to the
one of glass (42.1 eV for As,;Seg; ChG) can be explained by
the increase in the ionicity of As-Se bond during nanocrys-
tallite formation. This leads to a high-energy shift of As3d
and low-energy shift of Se 3d core level for the As,ySe;sBiy
ChG because of a charge transfer from As atoms toward Se
atoms [note the respective electronegativities are yg.=2.55,
Xas=2-18, xpi=2.02 (Ref. 32)]. This explanation is similar to
that offered by Takahashi et al.?® to explain the ~0.4 eV
decrease in the BE of Se 3d peaks in Bi,Se; crystal com-
pared to the glass of the same composition.

The 4f and 5d doublets in the core-level spectra of Bi are
very well resolved (5.3 eV and 3.0 eV, respectively®?) that
allows us to clearly distinguish two different sites of Bi in
the samples with low concentration (e.g., As;oSegoBi; ChG),
while only one site is resolved in ChG samples with Bi con-
centration greater than 2 at. % (AsySessBiy ChG, for ex-
ample). Because the broad peaks of Se 3p electrons (doublet
with primary component at ~161 eV) hinder the analysis of
Bi 4f XPS core-level spectra, we use Bi 5d XPS spectra for
further quantitative characterization (insets of Fig. 3).3* From
the position of primary component in the 5d XPS core-level

Binding energy (eV)

spectrum for glassy (~25.1 €V) and crystalline (~25.0 eV)
Bi,Ses,?® the observed doublet with primary component at
the low-energy side (~24.9 eV) is attributed to threefold co-
ordinated Bi atoms. The other doublet with primary compo-
nent at ~25.7 eV (Fig. 3) should correspond to Bi atoms
with higher coordination or positively charged centers. So on
the basis of this simple result, we can conclude that at low
concentrations Bi enters the glass network in the form of
positively charged defect centers and provides experimental
evidence for the models proposed in Refs. 16, 18, and 19.
Increase in Bi concentration initiates the devitrification of
initial glass matrix and, finally, to the formation of nanon-
crystallites.

The present analysis favors the formation of Bij CDs
rather than Bif* centers (& represents the degree of ionicity
of the covalent bond) considered in Bi,Ge,;Sgy_x ChG with
3 <x<10."8 According to Ref. 28, an increase in the ionicity
of Bi-Se bond causes an increase in the Bi 5d XPS core-level
energy by ~0.1 eV. The observed difference between the
two doublets of Bi 5d core level for AsjoSegoBi; ChG is
~0.8 eV, which suggests changes in both the coordination
and the charge states of Bi atoms.

The addition of Bi affects the Se 3d XPS core-level spec-
tra too [Figs. 2(b) and 2(c)]. Besides the doublets of regular
structural units expected from the chains crossing model,?*
curve fitting indicates the presence of additional doublet on
the low-energy side of the primary component at ~53.5 eV
[Figs. 2(b) and 2(c)]. This component becomes more signifi-
cant with increasing Bi concentration in the samples. The
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FIG. 3. Fitting of Bi5d core-level spectra for selected Bi-
modified glasses.

additional doublet in Se 3d XPS core-level spectrum speaks
in favor of an increase in the ionicity of Se-As bonds, similar
to that mentioned above with the formation of nanocrystal-
lites (Bi/As-Se-As/Bi complexes). However, the existence
of Asj and Bij coordination defects [as found from As and
Bi core-level spectra, Figs. 2(b) and Fig. 3] should lead to
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the existence of negatively charged Se] defect centers to
maintain electroneutrality of the samples. So, the observed
component on the low-energy side of Se 3d core-level spec-
tra of ChG with low Bi concentration could be also attributed
to the existence of these defects. Unfortunately, it is difficult
to resolve signals corresponding to Se in these two configu-
rations due to the low concentration of Se| defects (relative
to the total concentration of Se atoms). Conversion of certain
amount of Se-Se-As units into Se-Se-Se and As-Se-As units
can be also inferred from the analysis of data for As;¢SegoBi;
and, especially, for the As,,Se;¢Bi, composition [Figs. 2(b)
and 2(c)]. The latter is equivalent to As,,Sesq composition
(with regard to Se content) and therefore should mostly con-
sist of pyramids corner shared via the Se-Se bond.”* The
presence of As or Bij defects in the structure of As;oSeg,Bi;
ChG should increase the FWHM of the Se 3d core-level
peaks, as observed experimentally (insets of Fig. 2).

In conclusion, the analysis of core-level XPS spectra sup-
ports previously proposed models that the addition of Bi into
Se-rich network of As-Se ChG in low concentration (ap-
proximately up to 1 at. %) stimulates the formation of coor-
dination defect pairs Bi;-Se] and As;-Se] in concentration
10"°-10% ¢cm™. Increase in Bi concentration leads to the
formation of mixed As,Ses;-Bi,Se; nanocrystallites.
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