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ABSTRACT. Recently synthe5| electrlc Cu-As-Te glasses have been analyzed by X-

ray Absorption Spectrqs oth ar-edge (XANES) and in the extended region (EXAFS), in

order to shed light on the m&glranism at the basis of the huge increase of conductivity, up to five
orders of magnit@de, that was found with Cu doping. Experimental data have been modeled by

mean iple-scattering calculations. Our model suggests that the experimental results can

bé 1 reted in terms of a small charge-transfer from Te to Cu, leading to an unexpected
positiveAalence for Te. Interestingly, on the basis of these findings, a global picture explaining
the enhancement of electrical conductivity with Cu doping can be proposed: electrical

conductivity is determined by the holes created in non-bonding Te 5p orbitals (lone pair) by Cu
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acceptors. The critical parameter to increase electrical conductivity is the number of Cu-Te

bonds that are formed and not simply the number of Cu atoms.

INTRODUCTION

Thermoelectricity, efficiently converting wasted heat into electricity, can be congidered a

viable route to solid-state cooling and to power generation. Indeed, recent thermoeleCt vices
allow for the direct and reversible conversion of thermal and electrical'ener and might
soon replace chlorofluoro-carbons as cooling devices. The main igry”’in the present
researches on thermoelectric materials is strongly focused on the “phonon%glass electron crystal”
(PGEC) model®*, which proposes an offbeat combinatief of @ke low-thermal conductivity
and crystal-like high-electrical conductivity. We refaiad that the final goal for the optimization of
a thermoelectric device is to maximize the so-called figure of merit, defined as ZT = S?cT/x,
X

where S is the Seebeck coefficient, o the

o
K is the thermal conductivity. This eg e search for low-k and high-c (and S) materials. In
evera

the pursuit of the PGE I frameworks have been analyzed, mostly based on
engineering complex crystal structures such as skutterudites or Zintl compounds. In the former

case, thermal con tw iS reduced by rattling dopant atoms in cage structure>®, whereas in

conductivity, T the absolute temperature and

the latter a hi of valence imbalance and disorder is the key to increase the ZT value”®.
Ot bleSapproaches to enhance ZT includes, synergistic nanostructuring®!?; fostering
resona els by impurities inside the valence band!!; quantum confinement of electron charge

carriers*?; and convergence of electronic band valleys***. So far the thermoelectric potential was
established in several material classes, including tellurides'®>?°, selenides'?°, half-heuslers?!?2

and silicides?%,



More recently?®>2", a revival in a different approach to the PGEC principle appeared. It deals
with the possibility of designing electrically conductive glassy phases, based on chalcogenide-
telluride glasses, which are known to inherently possess high Seebeck coefficient and low
thermal conductivity. The main limiting factor in these chalcogenide glasses is their mediocre
electrical conductivity. Yet, it was recently found?®-3! that doping glasses with Cu lead huge

o
shows an increase in ¢ by almost 5 orders of magnitude (~ 6 S/m)?® cor& the pristine

arsenic telluride glass (~ 10* S/m), without dismantling the amor;%ucture of the glass

(i.e., without introducing crystallization) and its characteristic@ eck coefficient and low

thermal conductivity. In spite of the deep experimental in

enhancement in the electrical conductivity. For example, the 20% Cu-doping ir@c luride

ation by Lucas et al.?®, no

explanation about the physical mechanism leading to uge increase in electric conductivity
was found. In keeping with the PGEC paradigi), it was advanced® that a metal-like conductivity
takes place even in the glass, du.e to Ju r 3d) empty orbitals. Indeed, Cu-atoms were
supposed to oxidize with Te, give latfve electronegativity of the two atoms (2.1 for Te and
1.9 for Cu within the P cal et, we believe that this picture needs to be reconsidered in
the light of the findings re in this work. In the following, we present our experimental and

theoretical resulm en devote the last part of the paper to describe a possible mechanism for

the increas%

ME DS AND RESULTS

e conductivity in the glasses with Cu doping.

The experimental details concerning the synthesis of Cu-As-Te glasses are explained in detail
in the Supporting Information (SI). We performed X-ray Absorption Spectroscopic
measurements, both near-edge (XANES) and in the extended energy region (EXAFS), at

beamline BM23* (ESRF, Grenoble), at the K-edge of As, Te and Cu. Measured X-ray



absorption spectra at the As K-edge and at the Te K-edge are shown in Fig. 1. The main result at
the As K-edge (Fig. 1(a)) is that Cu doping does not affect significantly the valence of As, as no
noticeable chemical shift is present in the As K-edge spectrum with increasing Cu content. The

only clear change in the As XANES spectrum is present in the region above 11870 eV, and

might therefore be related to structural changes. However, EXAFS data (Fourier transf f the
k2 (k) signal, i.e., [x(r)] (A)), reported in the inset of Fig. 1(a), show that CUQQ es not
o

either affect appreciably the local structure around As atoms (in particular,& s of 2% and
5% Cu-doped compounds are practically identical to that of the und @\pound), so that the
changes above 11870 eV should rather be related to further n &ghbor shells (e.g. Cu-Te
bonds). If we look instead at the Te K-edge, in Fig. 1(b), ap@ble shift of the edge towards
higher energy appears with increasing Cu content. ark that the relative energy shift of
CuzTe and Te metal with glasses was meaﬂvith special care, the former being collected
from the transmitted part of the be.am SUFi e glasses spectra. This implies that Cu atoms
mainly affect the environment of mg’and not that of As atoms. EXAFS data at the Te-K
edge, not shown, point &&esult, with a clear change with Cu-doping. A quantitative
analysis, however, Wa&ible for the moment, in the absence of a reliable model for the
glass structure. rﬁnd that a shift of the main edge towards higher energy is usually

@a positive valence of the absorbing ion. In our case, a positive Te valence,

interpreted @
gi absence of changes at the As K-edge, would lead to a negative Cu valence, against a

simple application of electronegativity rules.

Because of the counterintuitive result, and as other interpretations might be possible (see Kim
et al.** and discussion below), we have decided to analyze it with two different theoretical

approaches: i) XANES measurements are theoretically interpreted using the FDMNES (Finite



Difference Method Near-Edge Spectroscopy) simulations package®®, based on a multiple
scattering technique, partitioning the space into muffin-tin spheres close to the atoms and
interstitial regions, with projection of the wave function into a spherical-harmonics local basis-
set®; ii) in parallel, to analyze the Cu-Te charge transfer, we performed ab-initio calculation
based on density functional theory. We used projector-augmented-wave (PAW oach

implemented in the Vienna Ab initio Simulation Package (VASP)3"38 O
[
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Figure 1. (a) m ge XANES spectra of five glasses with increasing Cu content. No

noticeable chang e chemical shift appears. Insert shows the Fourier transform of the k?y (k)

E gnal which also points to negligible structural changes around As. (b) XANES spectra

of three glasses at the Te K-edge, in comparison with Te and Cu.Te. The chemical shift points to

a positive valence of Te ions both in the glasses and in CuzTe. The inset shows the very good

agreement between FDMNES calculations and experimental spectra.



Though we could not arrive at a definitive conclusion about the local structure of our glasses
around Te, yet the close similarity in the XANES spectra of our Cu-As-Te glasses and Cu.Te,
both at the Te K-edge (Fig. 1(b)) and at the Cu K-edge (Fig. 3 below), suggests that their local
structure might be close. The glasses and Cu>Te spectra look very similar also at the Cu-L3 edge
(not shown). In particular, from Fig. 1(b), increasing the ratio Cu/Te leads to an j sing

positive-energy shift with Cu content, from the glasses up to Cu.Te. So we dtho dy at
first the chemical shift of Cu,Te, described in terms of the Nowotny str$

pace group

r%r XAFS results at

-initio calculations allow

P6/mmm, N. 191) with Cu-Te distance fixed to 2.56 A, as obtained

the Te K-edge. The inset of Fig. 1(b) shows how well FD
reproducing the relative chemical shift and shapes o m d Cu,Te spectra. From the
analysis of the orbitally-projected DOS of the ca ion for CuyTe, we get a very slight

negative charge on Cu ions (—=0.01) and a posiifve one on Te ions (+0.02). We remark that in the

literature a much bigger negative c.harg n G ions (—0.2) was found in Kashida et al.*°, using a
self-consistent LMTO approach. \(
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Figure 2. DFT calculations (see text for details): orbitally-projected DOS for Cu,Te. Cu 3d and

4s energy distribution is compared to Te 5p distribution.



In order to double-check these results within the VASP package we evaluated the charge on
each atom following the partitioning of space introduce by Bader**2, FFT grids were increased
upto 24 x 24 x 40. Because of the presence of Cu atoms, the electronic density is expected to be
sensitive to the value of the Coulomb repulsion®, that was included (LDA+U) with the approach
of Dudarev et al.*. The calculation was performed with Coulomb repulsion on both 3d (Ug

o
Monkhorst-Pack k-mesh, and DOS calculation using a 21 x 21 x 13 mesh. x

tiny positive value for Cu (+0.008). We should notice that, given ﬁ@a ue of the charge

transfer, both our FDMNES and VASP results, differently c@ of Kashida et al.*, are
compatible with the absence of any charge-transfer i Cu hereby leading to a purely
covalent picture of the Cu-Te bonding with no’io e also remark that, even in VASP

calculations, Cu ions can be made slightly n%by increasing the Coulomb repulsion U, to 2

= 7.5 eV) and 5p states (Up = 1 eV). Brillouin-zone integration was performedQ 9x5

provided a

eV. We remind that the specific valu e Coulomb repulsion can be sample-dependent,
o

because of different screening effe sualvalues for U, range from 1 to 2 eV and for Ug from
5 to 9 eV. The reason &g the Coulomb repulsion of 5p states leads to positive Te
ions can be very simply rstood from the analysis of the orbitally-projected DOS shown in
Fig. 2. The Cu@ s lay -3.5 to -6.5 eV below the Fermi level and are coupled with 5p

bonding levglS o oughly at the same energy. Non-bonding Te 5p states (the dangling bond),

are d from -3.5 eV to zero, in good agreement with XPS/XES measurements*, that show
Cu 3d levels around -3.5 eV and 5p Te states between -3.5 and zero. In such a situation, the
Coulomb repulsion acts in such a way as to rise the energy of Te 5p non-bonding (and empty
antibonding) states, compared to Cu states. Given the presence of empty Cu 4s states just above

the Fermi energy, this mechanism can lead to some charge transfer from Te 5p to Cu 4s states,

thereby making Te slightly positive, in keeping with the finding of Kashida et al. *°. This might



be also what happens in the glasses, as detailed in the following section. We finally remark that
this behavior is peculiar to Cu-Te compounds. In fact, though the shift towards higher energy at
the Te K-edge compared to Te metal takes place also in CdTe3*, the above interpretation cannot
be extended to that case because Cd 5s states are totally filled for the isolated atom and the
electron charge transfer from Te to Cd cannot take place even if Te 5p levels are raised ergy

by the same Coulomb mechanism*3. The interpretation given by Kim et al.3* forc rather
based on a purely ionic approach with Te=2 ions, leading to the complete flling

p states and
to the transition to 6p states, higher in energy. However, this pictur i Ie to explain the
shift to higher energy of our glasses: even in the hypothe5|s transfer from Cu to Te,
making Te negative, 2% to 20% Cu-doping would allow @nly ted filling of the 5p band, not

a complete filling, against the interpretation of Kim e
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Figure 3. XANES spectra at the Cu K-edge for Cu-doped glasses. The spectra of Cu-metal,

Cu,Te and Cu20 are shown for comparison of the chemical shift. The FDMNES calculation for



Cu20 is also shown. Insert shows Cu,Te raising edge of experimental spectra in comparison with

theoretical spectra. Curves A, B and C are explained in the main text.

Before moving back to the glasses, we decided to analyze the chemical shift of CuzTe also at
the Cu K-edge. Looking at Fig. 3, around 8980 eV, Cu,Te and the glasses appear to have the
same chemical shift as Cu,O (which is known to be Cu*l), as all edges move to higher enefgy
compared to Cu-metal, Cu®. Because of this analogy with Cu0, in mewo'oemlssmn
studies on CuzTe*, Cu had been attributed the positive valence +1, xut contradiction
with what stated above. However, the two cases are profoundly ﬁ two main reasons.

The first is that O 2p states are much lower in energy th tter lying between 0 and -

3 eV, the former between -4 eV and -7 eV*®, so t -Coulomb repulsion does not raise in
energy the O 2p, but the Cu 3d. The second is that Cu 3d states are partly empty, with the

formation of hybridized 4s-3d;2 orbitals IeaM incomplete 3d;2 shell and occupied Cu 4s

states (the so-called Orgel model“’c& . Therefore its density of states is different than that
eren

of CuzTe shown in Fig. 2. This @iff is confirmed by our FDMNES calculation. For Cu,Te

we used the same inp to describe the Te K-edge (in the inset of Fig. 1(b)), with slightly

negative Cu valence aryot filled 3d states. It is shown as curve A in the inset of Fig. 3 and it
reproduces co ra@e chemical shift of the experimental profile. For Cu.O the experimental
dat it | reproduced by a FDMNES input with incompletely filled 3d shell (see main
panel ig. 3). The chemical shift, in particular, is very well described in both cases. In order to
understand why the two different chemical valences for Cu20 and Cu.Te can lead to the same
chemical shift at the Cu K-edge, we performed an analogous FDMNES calculation with the

same electronic configuration for Cu as in Cu20 (i.e., unfilled 3d shell). It leads to a very poor

agreement with the experiment (curve B in the inset of Fig. 3), though the chemical shift is the



same. The reason for the failure of the chemical-shift rule at the Cu K-edge for CuzTe can be
understood reminding that Cu K-edge XANES probes empty 4p states of Cu. In the case of
CuxTe all Cu orbitals (3d, 4s and also 4p) are slightly lower-lying than the corresponding orbitals
in Cu20 and 5p Te states are much higher in energy than 2p O states. This leads to a band-
crossing of the lowest-lying Cu 4p states with the highest-lying Te 5p states and we f; with

o
handle with VASP calculations and, as they scarcely contribute to the ,

neglected in Figure 3. If these states had been empty, they @ve appeared as a
prolongation of curve A, corresponding to curve C in the in%. Had they been empty,

they would have restored the expected negative energysshi e CuzTe edge compared to

FDMNES that a small amount of Cu 4p states is filled. Extended 4p states are le rcult to

have been

Cu20 and Cu. In this sense, the failure of the chemi it rule in this case can be explained as

a consequence of accidental band-crossing. &

DISCUSSION o Q

A model for glass con i&A ES data show that glasses have a chemical shift of the
same sign as the CuzTe le. We can therefore extend the interpretation of electron charge
transfer from Te ZMor he glasses as well. Actually, further VASP calculations with less

symmetric nogkiaic) local structure of Cu,Te taken from the literature*® show that lower local

s carpincrease the negative charge on Cu compared to the Nowotny structure (still of
the ordegp~0.01). Of course, a typical framework valid for crystal calculations might not be
simply transferred to glasses, where the dopant is not forced on a lattice site. It is well-known
instead that, as exemplified by the famous 8-N rule®®, the glassy structure usually adapts itself to
the dopant coordination, without requiring the generation of valence defects. Yet, if we consider

the band scheme derived before for the crystal as a valid input to describe also Cu-As-Te glasses,

10



this allows not only to explain the XANES data at the As, Te and Cu K-edges for the glasses, but
can also fulfill the 8-N rule and lead to a mechanism that explains the increase in electrical
conductivity with Cu doping. The latter point is a consequence of the formation of hole doping in
the 5p non-bonding states of Te. The mechanism is depicted in Fig. 4b and works in the presence
of Cu-Te bonds, which should be therefore maximized in order to optimize the valu The

4s electronic states of copper, just below the energy level of the highest Te 5p n@dl states
(the lone pair), efficiently collect Te 5p electrons and create a hole chargesre ir in Te 5p

energy levels. 6
We remind that the original framework to describe p-fype y in intrinsic amorphous

As-Te glasses is the so-called Valence Alternatio Pair {VAP) mechanism®®%%, In this model,

non-bonding states of Te (the lone pair) are unstable with respect to excitations leading to the
formation of charged defects states (e.g., a 3~ center as in Fig. 4a) by thermal electron
transitions (in, e.g., AssoTeso enhaffted e possibility of forming triple bonds with As atoms).

The VAP mechanism of electrigal condiction is extremely slow, being determined by both the

thermal excitation of ding €lectrons to antibonding states and by the correlation of two

such electron excitationsgin néarby Te-atoms, so as to form a charge separation (depicted in Fig.
4a). Instead, as @in Fig. 4(b), the hole formation in the valence band of Te is enormously
enh resence of Cu atoms with empty 4s states just below the higher-lying 5p Te
states'@f the lone pair. In this case, the hole-creating process is much faster, as the lone pair is
unstable with respect to the filling of the Cu empty level. We remark that the number of holes
created in the valence band of Te by this mechanism does not correspond to the number of Cu

atoms, but rather, because of the 8-N rule, to the number of Cu-Te bonds. This simple picture is

coherent with the behavior of o, that increases with increasing Te and decreasing As for fixed

11



amount of Cu 28, This picture calls for the need to find a protocol to optimize the sample
preparation so as to minimize the number of Cu-Cu bonds and optimize the number of Cu-Te
bonds, for a given amount of Cu-doping.

At fixed hole concentration, the other critical parameter to increase the electric conductivity is
the hole mobility, that in our model strongly depends on both Cu-Te and T ond

connectivity. Indeed, once the holes have been formed (with a concentration p@o to the
number of Cu-Te bonds), they must be able to hop and, for that, Te-T&bo are needed.

Therefore, the correlation of Cu-Te and Te-Te bond distributions pl @amental role in the
mobility. This picture can explain why thermal treatments, tha e global Cu-Te and Te-
Te connectivity, affect the value of o, as found by LucaE et @/here samples with the same
amount of Cu and Te content differ in the value of ¢ e of different annealing procedures.

Interestingly, in this model, the creation of cwslands in the glass would decrease c because

it would not allow the creation gf ho . For all these reasons, the Cu-As-Te ternary

glasses behave like extrinsic semi s with quite high hole concentrations and relatively
low hole mobility. If thi rect, the logarithmic decrease of resistivity with increasing

temperature® should be at ed to an increase of the hole mobility with temperature, rather

than a change in @ﬁzoncentraﬁon.

S
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Figure 4. (a) the VAP mechanism of conductivity in undope(@ |des thermal excitation
of the lone pair® leads to Cs neutral defects. Twpo su or defects can induce charge
separation (C3" and C3"). (b) Empty Cu-4s levels, with a [oW-energy tail below the higher-energy

level of 5p Te lone pairs, more efficiently in%he hole concentration in the 5p Te orbitals.

[ ] .
To conclude, our XANES measu% the Te K-edges for Cu-As-Te glasses point to a

positive valence for Te, i withVincreasing Cu content (Fig. 1(b)). This is confirmed by

multiple-scattering calculasion. It is not confirmed by DFT calculations, though the latter do not
allow for a definite cowm n on this point. Combining all the experimental findings at As, Te
and Cu K- { their theoretical interpretation through multiple-scattering and DFT

cal @

4s emp

S ind that a small electron charge transfer from Te 5p non-bonding states to Cu

ates is a possible interpretation. These findings suggest an interesting interpretation to
explain the huge increase in o with Cu in these Cu-As-Te p-type glasses. The electrical
conductivity is not determined by Cu orbitals but by the holes created in non-bonding Te 5p
orbitals. The role of Cu atoms is to act as acceptors, tuning the hole concentration in Te 5p

orbitals. The hole conductivity is confirmed by the positive measured Seebeck coefficient in

13



these doped glasses?®3°. This picture can be understood as a modification of the VAP
mechanism, usually invoked to explain conductivity in chalcogenide glasses®®®l. Such a
mechanism reckons heavily on the Cu-Te and Te-Te bond connectivity rather than Cu-Cu
bonding. These results can lead to more precise investigations of the local environment of these
glasses so as to optimize the doping strategies, in order to enhance the ther ctric

o
particular, it would be interesting to look for positive correlations bet%
T

electrical conductivity and the increase in Cu-Te bonds by the st@

performance. Future theoretical and experimental investigations might confirm U on:in
Increase in
pair distribution

function.
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