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Photoelectron Spectroscopy of Copper Tellurite Glass Surfaces
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ARSTRACT. Tellurite glasses conlaining CuQ with the nominal compesition
{Cu0), (TeO:);... where x = 0.30, 0.40 apnd 0.50, havc been preparcd and
investigaled by X-ray photoeleciron spectroscopy (XPS}. The Spectra of the core
levels Cu 2p, Te 3d, and O Is in these glasses have been mcasured. The
appearance of a salellite peak in the Cu 2p corc level spectra provides definilive
evidence for the presence of Cu™' ions in these glass samples where the
asymmetry and broadening of the peaks are indicative of the presence of bnth
Cu”" and Cu’ ions. The broadened Cu 2p,.. peaks were deeomposed into 1wo
distinct peaks separated by approximately 2.0 eV, with the lower encrgy peak
being associated with Cu' and (he higher cnergy peak with Cu’'. The relative
Cu’™ content determined from the relative areas under (hese peaks and the
satellite peak 15 found to vary from 40% for the x = 0.50 glass sample (0 over
80% for the x = 0.30 sanple. The O 1s spectra for all values of x show slight
asymmelry and were therefore fitled with two eontributions, one from bridging
oxygen {BOY} and the other from non-bridging oxygen {(NBO). The BO signal is
duc o the presence ol oxygen atoms in the cnviromnent Te-O-Te¢. while the
NBQ is due to oxygen atoms in the environnient Te-0-Cu. The ratio NBO/iolal
oxygen was evaluated for cach glass and was found to be in good agreement with
the theorctical values calculaled from the glass composition. The Te 3d core
level spectra show symmetry for all values of x and indicate that the ehemical
environment of Te atoms does not vary much with x values.

1. Introduction

Studies of semiconducting oxide glasscs containing transition mctal (TM) ions
continue to be of technological intcrest because of their increasing applications [1] in
different fields. Tcllurite glasses, a distinct type of non-crystalline matcrials, having unique
structurc and properties are also of special interest in view of their applications [2] in IR
domes, laser windows and muitifunctional optical components. From various spectroscopic
methods such as infrared [3-5], Raman [5-9], nuclear magnctic resonance [10], and X-ray
absorption spcctroscopy [11-13] as well as from X-ray [13-14] and neutron diffraction [15-
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16] techmiques, 11 has been established that the basic structure of the telluritc glasses is a
TeOy trigonal bipyramid (tbp) with a lone pair of clectrons in one of its equatorial sites.
Tellurium oxide under normal eonditions does not have the ability 1o form a glass structure
easily without a modifier like an alkali oxide, an alkaline-earth oxide, a transition-metal
oxide, or another glass former [15,17-18]. Researchers have diffcrent opinions as to why it
is so difficult to form a glass of pure TeO,. Neov et a/. [15,17] hypothesized that TeO»
could not form a glass by itself because the Te-O bond is too strongly covalent to permit
the requisite amount of distortion for a glass structurc. Another prevalent view [19-20] is
that the rcpulsive forces due to the lonc pair of clectrons resist the free movement of the
trigonal bipyramid in space during the cooling of the mclt and hence the formation of
glass. In a binary telluritc glass the effect of the lone pair of electrons is limited by the
introduction of new structural units that arc compatible with TeOy (tbp) and thus the glass
formation becomes easicr. Most of the tellurium atoms ot TeQy structure are connected at
vertiees by a Te -.qO.. — Te bond, a prerequisite for glass formation, where the symbol
“qO” refers to an oxygen in an equatorial plane and “0,,” refers to the oxygen in an axial
position with respect to the Te atom [15,17]. These structural peculiarities may be reflected
in various physical properties of these glasses making them interesting materials for study
in themselves.

The addition of transition-mctal (TM) oxides to glasses, in general, permits the
possibility for the glasses to cxhibit both semiconducting and magnctic properties. The
general condition for semiconducting behavior in these glasses 1s that the TM ion must be
capable of existing in more than onc valence state so that conduction ean oeeur by the
elcetron transfer from 1ons in a lower valence state to those in a higher valence state [21].
Structural and electronic propertics of thesc glasscs as well as their optical, magnetic, and
mechanical properties depend on the relative proportion of the different valenee states of
the TM ions present [22-24]. In order to account for the effect of thesc valence states on
the structure and properties of these glasses, it is impornant to eontrol and mcasure the
ratios of the TM ion congentration in the different valence states of thesc oxide glasses. In
previous studies [25-28], clectron paramagnetic resonanec {EPR) has been found to be a
useful technique for cxamining the states of dissimilar TM jons in these glasses as well as
the interactions betwcen unlike magnetic ions in disordered solids. Alternatively, X-ray
photoclectron spectroscopy (XPS) has been found [29] to be a useful technique in
assessing the local glass structure and cven estimating the ratio of the different valence
states in the TM-oxide glasses. The teehnique has been successfully used to distinguish
between bridging oxygen (BO) and non bridging oxygen (NBO) [30]. In this study, we will
use XPS to investigate the role of Cu 1n Cu-tellurite glasscs. Recently ultrasonic study has
been carried out [31] on this system but no XPS studies have been rcporied in the
fiterature. We will record Te 3d, Cu 2p and O 1s spectra to try to identify the possible Te
environment, namcly TcO; and TeOs as pointed out in the literaturc, estimating the
different valencc states of Cu, and mcasuring the concentrarion of possible NBO atomns to
BO atoms in these glasscs.

1. Experimental Procedure

All glasses werc preparcd by melting dry mixtures of reagent grade CuQ, and TcO:
in alumina crucibles to form batch (CuO), (TeO.),.. compositions with x = 0.3, 0.4 and
0.5. Approximatcly 30g of chemicals were thoroughly mixed to obtain a homogenized
mixture for each CuO concentration. The crucible containing the batch mixture was then
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transferred (o an electrically heated melting furnacc maintained at 800-850 °C. The melt
was left for about an hour under atmospheric conditions in the furnace during which the
melt was occasionally stirred with an alumina rod. The actual compositions of the glasses
were determined by inductively coupled plasma spectroscopy (ICP) aud are listed in
Tablel.

Table 1. Batch and actual composition (molar fraction) of various Lellurite glasses containing Cu(.

Batch Aclual (from ICP}

X Te(k Cu() TeO, Cu(y
0.30 0.70 0.30 0.728 0.272
0.40 0.60 0.40 0.643 0.357
(.50 0.30 0.50 0.509 0.491

High-resolution photoelectron spectra were collected on a VG scientific ESCALAB
MKII spectrometer equipped with dual aluminum-magnesium anode X-ray gun and a 150
mm concenlric hemispherical analyzer using Al Ko radiation (Av =1486.6 eV) radiation
from an anode operated at 130 W [32]. Photoclcctron spectra of Te 3d, Cu 2p, and O s
core levels were recorded using a computer controlled data collection system. The
electron analyzer was sel at a pass energy of 20 eV. For self-consistency, the C 1s line at
a binding energy of 284.6 eV was used as a reference for all charge shift eorrections as
this peak arises from hydrocarbon contamination and its binding energy is generally
accepted as remaining consiant, irrespective of the chemical state of tbe sample, For XPS
measurements, a glass rod from cach composition was cleaved in the analysis chamber at
a base pressure 2 x 10 ** mbar before being transferred to the analysis chamber where the
pressure was maintained at < 2 x 10 "' mbar.

2. Results and Discussion

Relatively low-resolution X-ray (0.5 eV step-size) photoelectron scans, taken from
the fractured surfaces, in the binding encrgy range of 0 - 1200 ¢V wcre obtained for cach
glass sample in about one bour using Al Ka incident photons with Fig. 1 showing wide
scan spectra for some compositions. Each spectrum includes the photocleetron and X-ray
induced Auger peaks of thc glass constituents. The observed C 1s peak at 284.6 eV is
associated with hydrocarbon contamination and is typically present on samples introduced
from the laboratory cnvironment. Thus it was used as an encrgy reference for determining
pcak positions for the Te 3d, Cu 2p, and O 1s corc levels as listed in Table 2.
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Fig. 1. Wide scan XPS spectra from the surface of copper-tellurile glasses obtained using Al Ka radiation
(v =1486.6 e¥) for the x = 0.30 and x = 0.50 glasses.

Table 2. Peak positions 1n eV for the core levels Te 3d, Cn 2p and O 1s relative to C 1s {284.6 eV) and their
corresponding FWHM (full-width at half maximum}. The unccrtainty in the peak position is £ 0.10
eV and in FWHM is £ 0.20 ¢V,

Te 3d5.-2 Te 3d3,-'2 AE CU2p3.-'1 Cu 2])1.-2 AE Ols
X
EWHM FWHM Te3d FWHM FWHM Cu2p FWHM
576.2 586.6 9334 953.0 529.7
0.30 10.4 19.6
2.47 245 4.10 4.60 2.44
3759 586.3 933 4 953.4 20,0 5297
0.40 10.4
2.36 220 398 4.40 233
5759 586.2 932.0 951.8 5298
0.50 10.3 19.8
2.60 262 3.34 365 1.91
576.1 5865 5303
TCOg 10.4
2.07 1.56 1.93
3336 9535 529.5
CuO 19.9
L 331 3.53 1.89

The Te 3d eore level peaks shown in Fig.2 have been normalized to the height of the
x = 0.5 peak. The doublet peaks attrihuted to Te 3d;.» and Te 3ds» in the Te 3d speetra have
essentially the same binding energies for all glass samples as well as for the TeO> powder,
independent of the CuQ eontent,
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Fig. 2. Te 3d core level specira for the copper-tellurite glasses.

Figure 3 shows the normalized core level spectra of Cu 2p for the glasses based on
the height of the x = 0.5 peak. The spectra exhibit spin-orbit components, Cu 2p3» and Cu
2p12, at approximalely 933 eV and 953 eV, respectively, with satellites at about 10 eV
higher binding energies. Moreover, the Cu 2p peak shows a shoulder on the high binding
energy side of the main contribution for the x = 0.5 glass, while the shoulder is on the
lower binding energy side for the other glass compositions. It is, thercfore, more realistic to
assumc the presence of two scparate contributions to the main Cu 2p pcaks. These
contributions arc associated with monovalent (Cu') and divalent (Cu®™) copper ions as
these are the only two oxidation states in which Cu cxists tn various glasscs [29]. Tt is well
known that copper compounds containing Cu”' have strong satcllite peaks as evident in the
CuO spectra (labeled as sattclite), while compounds with just Cu” have no satellites [33-
36]. Hencc the appearance of the satellite peaks can be uscd as a fingerprint for identifying
the presence of Cu”™' and so strong satcllite peak in the Cu 2p core level speetra provides
definitive cvidence for the presence of Cu™* ions in these glass samples.
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Fig. 3. Cu 2p spectra for the copper-tellurite glasses.
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Assuming that the Cu 2ps» spectrum can be composed of two overlapping pcaks,
each Cu 2ps,» spectrum was fitted to a sum of weighted Lorcntzian-Gaussian peaks with a
linear sloping background by means of a least squarcs fitting program. An example of the
resulting fit for the x = 0.5 sample is shown in Fig.4. As prcviously reported [37], the
arcas undcr these peaks plus the area undcer the satellite peak can be used to determine the
ratio of Cu®” ions to total Cu ions present.
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Fig. 4. Curve fitting of the Cu 2p,. speetrum for a copper-iellurite glass (x = 0.30). The sateliite peak has
been fitted to two curves in order to accuralely ealculale the area under the peak.

Defining

concentration of Cu o« area under pcak Cu = Al

concentration of Cu”" o area under peak Cu”~ + area under satellite peak = A2,
then, the eoncentration of Cu®' ions in each glass sample can be calculated as

Cu™ /(Cu’ + Cu’) = A2/ (Al +A2) (Eq. 1)

with the corresponding ratios displayed in Table 3 (The satellitc has been fitted to two
curves in order to accurately calculate the area under the satellitc peak). This procedure
should yicld ratios with an estimated uncertainty of about 3%.

Table 3. Peak positions in ¢V from the eurve fiting of the Cu 2ps» peak and the ratio Cu™' / (Cu® + Cu™' ) =

A2/ AL T A2).
| Cu 2p1: (1) ! Cu 2p_x_-g {2) ACu .?,p Cu 2p_-._-3 (Sdl) Cu:"f"Cuu,m
X FWHM FWHM Peak Arca
| Peak Arca Peak Area (£0.030)
0.30 931.9 934.0 2.1
2.33 3.20 9412+4173 0.820
7586 20052 (13585)
0.40 931.9 9338 1.9
2.53 2.90 1473949843 0.797
15218 35273 (24582)
0.50 931.9 9339 20
240 2.90 T438+76%94 0.444
42882 19189 (s132) | ’|
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In Fig. 5, the normalized O s core level spectra are shown, The maximum intensities
of the spectra are the same position for all glass samples but shifted by about 0.5 eV
toward the lower binding energy compared to its value for TeO; powdcr. Further, a slight
asymmetry in the O 1s core level peak is apparent, which indicatcs two different types of
oxygen sites in these glasses. Hence, all O Is speetra were fitted to two Gaussian-
Lorentzian peaks in order to dctermine the pcak positions and relative abundance of the
different oxygen sites.
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Fig. 5. The O Is core level spectra for the copper-tellurite glasses.

As previously mentioned, the doublet peaks atirthuted to Te 3d;» and Te 3ds» in the
Te 3d spectra have esscntially the same binding energics for all glass samples independent
of the CuQ conient with cssentially no shift of the binding energics in comparison to their
values in TeO; powder (Table 2). It is well known [35] that the presence of non-equivalent
atoms of the same element in a solid gives rise to core level peaks with measurably
different binding energies. This non-equivalence of atoms can result from a difference in
the formal oxidation state and/or a diffcrence in the molecular environment. The binding
energy increases with an increase in the oxidation state of a metal atom. In the situation in
which the formal oxidation state is the same, the general rule is that the eorc level binding
cnergy of the metal atom increases as the electronegativity of attached atoms or group
increases [38]. As has been mentioned in the introduction, it has been established that the
basic structurc of the tellurite glasscs is a TeOy trigonal bipyramid (tbp) with a lone pair of
electrons in one of its equatorial sitcs. Hence the oxidation state of Te practically remains
the same and so no shift is expected. Further, as one finds the next-nearest neighbors in
TeO; are all Te atoms which are replaced by Cu atoms in the TeO, glass structures and
since the Pauling electronegativity of Cu (1.90} is almost thc same as that of Te (2.1),
suggesting practically no changc in the binding energies of Te 3d spectra.

In most XPS studies of oxide glasses, the O 1s spectra are more informative with
respect to the structure of the glass than the cation spectra. Specifically, the binding energy



218 G.D. Khattak and 4. Mekki

of the O 1s electrons is a measure of the cxtent to which electrons are localized on the
oxygen or in the internuclear region, a direct consequence of the nature of the bonding
between the oxygen and different cations. As mentioned earlier, a slight asymmetry in the
O 1s core level peak is apparent, which indicates two different types of oxygen sites in
these glasses. If the O 1s pcak for the glasses were composed of more than one componcnt
peak, they may correspond to the oxygen atoms in Te-O-Te and Te-O-Cu structural units.
The oxygen atoms in Te-O-Te are termed “bridging” oxygens( BO) while those in Te-O-
Cu are termed as “non-bridging” oxygens (NBQ). Notice that the BO is covalently bonded
to two glass former atoms while the NBO are ionically bonded at lease from one side.
Therefore, the binding energy of NBO is lower than that of BO. As elear from Fig. 5 and
Table 2, the O Is core-level spectra show composition-dependent changes; thc FWHM
(Table 2) increases with an increase of CuQO content. It would indicate the presence of
more than one contribution to the O 1s spectrum. Therefore, each O s spectrum was
deconvoluted into two Lorentzian-Gaussian peaks with the lower binding energy peak
corresponding to non-bridging oxygen atoms {Te-O-Cu) and the higher energy peak to
bridging oxygen atoms (Te-O-Te) as shown in Fig. 6 for the x = 0.3 glass sample. The ratio
of the integrated areas of these peaks, NBO/Total oxygen, as summarized in Table 4,
should represent the relative eoncentrations of bridging oxygen atoms. The ratio increases
with an increase in the CuO concentration. It will be appropriate to mention that in the XPS
study carricd out on RyO-TeO; (R: Li, Na, K, Rb and Cs) using a fresh surface fractured in
an ultra high vacuum { = 7x 10°® Pa) only a singlc symmetrical Gaussian-Lorentzian peak
was observed from which BO and NBO eould not be separated [39].

=
0Ols

Intensity (arb. units)

Binding energy {(¢¥)
Fig. 6. Curve fitting of the The O Is spectrum for a copper-tellurite glass (x = 0.30) to two contributions.

If the eopper atoms in the glass do indeed behave a network modifiers (introducing
NBO), each Cu;0 and CuO molecule will contribute two NBO atoms in the glass [40].
Henee

NBO/Total Oxygen = [2 (CuO) + 2 (Cux0)] / [ (CuO) + (Cux0) + 2 (TeOy)] (Eq. 2)
where the terms in brackets indicate concentrations. There is a good agreement between

the ratios of NBO/total oxygen obtained from the above equation and XPS analysis as
shown in Tablc 4.



Photoelectron Spectroscopy af Copper Telltirite Glass Surfaces 219

Tablc 4. Peak posilions in eV from the curve fitting of the O (s peak and the ratio NBQ / (BO + NBO ) for
Cu-Te glasscs.

X Ols (NBO) O ls [BO) AE0|5 NBO}“O[ma] NBOJ’IOIM,[
FWHM FWHM {Mcasured) {Calculated)
Peak Area Pcak Area (£0.030)

0.3 329.1 5299 0.8 0.304 0.353
2.1 2.0
3427 7848

0.4 5202 530.1 0.9 0.481 0.500
1.9 2.0
6706 7246

0.5 5262 3301 0.9 0.625 0.666
1.7 1.9

L 6295 3783 B

Hence it is clear that the O 1s signal from both Te-O-Cu(I} and Te-O-Cu(Il)
contribute to thc NBO signal which would suggest that CnO enters the network as a glass
modifier.

It is observed from Table 3, that copper ions exist predominately in the Cu*" state for
all the Cu-Te glasses except for x = 0.5 glass where only 44% of the copper ions are in the
Cu”" state. Further, the Cu2ps» core level binding energy for the x = 0.5 glass is ~ 1 eV
lower than its value for the other glass samples. The above observations are supported by
the fact that the shift in binding energy may result not only from a change in the molecular
environment but also from a reduction in the formal oxidation state of the transition metal
1on [36].

We tried to grow glasses with composition x = 0.6 but could not succeed. For that
composition the quenched melt would crystallize and therefore x = 0.6 would be outside
the glass formation region.

4. Conclusion

This XPS study of the binding energies associated with the Te 3d corc levels for the
Cu-tellurtte glasses indicates that the local glass structure is similar to that of the TeO;
glass former as essentially no energy shifts are found for these core levels. The asymmetry
found in the Cu 2p;» peak in combination with the presence of a satellite peak
approximately 10 eV higher in energy provides evidence for the presence of Cu ions being
in the Cu’" oxidation state as well as in the Cu" state. By decomposing the Cu 2ps/; into
two distinet Lorentzian-Gaussian peaks separated by 2.1 eV with the higher energy peak
being associated with Cu}', the relative concentration of the two Cu ions 1s determined
from the relative areas under these peaks and the satellitc peaks. The Cu®* content is found
to be more than 70 % for the glasses with x = 0.3, 0.4 while only 44 % jor the glass with x
= 0.5. The O 1s spectra for all glasses show slight asymmetry and were, therefore, fitted
with two contributions, one from bridging oxygen (BO) and the other from non-bridging
oxygen (NBO). The ratio NBO/Total oxygen was evaluated for each glass sample and was
found to be in good agreement with thc theoretical vatues obtained assuming that CuQO
behaves as a modifier in these glasses.
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Lala 31 g3 ok LS a5 (5 YT Ailhaa pladi

xCuO-(1-0)Te0s  Small S G s Agala ) e jriand I L alilddf
Al Al il o2 A0 Ay 4,00 g e, Ee 0Ty = x o ol i
paie s Cu 2p (padd jeaie G dptil GLLYH W8 5 & (XPS)uS) Aad
Cu il 8 “salellite” 5_L4 Hgels .0 I3 Syl yaie 5 Te 3d a g kil
s LG 3 ay pae N, Sl sda B Cu Sl 3 e S 2p
G lie 50 sl s3a A CO 5 U e JS gl agay 08 Ju Co 2p 5kl
A Bla b i ey ¢ eV Y Logiy das ol Al (33 ek Cu 2paa 5 3 (fitting)
K a3 5 -Cu% Gl Y ey A 3 Sl Laiy Cu™ Gl J81 dau b
Cu?*/Cu Apa Sy Cu™ 5 Cu' 5 )LEY aelll dalia s 3y k0o ' 4aS

oY v =x Laic %o ¢ 50 00=y Ladic Yoty Sup gl

A5 lldly gl S 6 bl e (O 15) 1s ey} ik aa S

(e Al 5 (BO) Lhaiall (a3 e YD a3 LI Ay i

e SYY S0 e i s alell anSY1L(NBO) kil e (paSY)

S SV 3 e pU el e Sy Te-O-Te oS il g3 53 5 5l

el ki e CpanSY s 20a3 &5 .Cu-0-Te S il 4 53 52 sal
A Ayl BaSl e aaliia adl 22y

Jsa Ahakh sl o ey bee 5kl Te 2d 5 L8 vk of 2

X o i ey ol a5kl o )





