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The structural, vibrational and electronic properties of several compositions of amorphous Ge-Se-Te are stud-
ied from a combination of X-ray diffraction and density functional-based molecular dynamics. Different struc-
tural properties are considered such as structure factors, pair distribution functions, angular distributions, coor-
dination numbers and neighbor distributions. We compare results with experimental findings and a satisfying
agreement is found for the structure functions in real and reciprocal spaces. The short range order is found to
be more complex than in related binaries that result in mixed geometries (~65-75 % tetrahedral, and remaining
defect octahedral) for a dominant four-fold Ge (80 %). The chalcogen atoms are dominantly 2-fold, the former
having furthermore an important fraction of 3-fold coordinated atoms (30-40 %). The obtained model structures
indicate that Ge-Ge, Ge-Se, and Ge-Te bonds dominate with small fractions of Te-Te bonds remaining from the
base system GeTe. The investigation of electronic properties indicates that the addition of Se atoms will lead to
Te-related bands that are much more localized so that Ge-Te-Se can be regarded as having an increased covalent

character with respect to GeTe.

I. INTRODUCTION

Telluride based crystalline and amorphous materials can be
used for a rather wide range of promising applications such
as thermoelectrics'?, infrared waveguides®* and flash mem-
ory devices>® using the phase change mechanism. For the
latter, the material undergoes a short and reversible transi-
tion between the amorphous and crystalline states which dis-
play a strong optical or electrical contrast that is central for
data storage. Typical identified compounds are found on the
lie-line GeTe-Sb,yTes. The prototypal phase change material
(PCM) Ge;,SbyTes (GST) has some of these characteristics
but appears to be not promising enough for phase-change ran-
dom access memory applications because of low crystalliza-
tion temperature, a poor data retention ability and a low re-
sistance contrast’. Targeted additives have been suggested to
improve the performances such as Ag® or Bi°.

Selenium also appears to be attractive due its smaller size
and it is more covalent than Te. Recent studies'®~'? have
emphasized the promising role of Se in the enhancement of
phase change properties. It is therefore tempting to investi-
gate the effect of Se addition into another typical PCM, that
is, GeTe, because of its improved crystallization temperature,
data retention and resistance contrast capabilities with respect
to GST!3. In this respect, the addition of Se into GeTe has
been considered recently'* and results on thin films indicate
that with Se addition the contrast in electrical resistivity could
be increased up to a factor of 100 between the amorphous and
crystalline material states'>, other properties being continu-
ously controlled by Se content such as resistance, bandgap,
transition temperature and threshold voltage. Here, we remind
that the c-GeTe occurs in two forms: a trigonal R3,, symmetry
that is stable at ambient conditions'® up to 50-50.5 at.% Te

and a cubic rocksalt structure stable at high temperatures. The
nature of these phases as well as their stability has been exam-
ined in Ref. 17. Conversely, c-GeSe occurs in a orthorhombic
P,,ma Symmetry up to the melting point at 667°C'%1°.

The effect of Se addition on Ge-Te amorphous networks
has been only considered in the Te-rich domain using as
base glass GeTeq or similar compositions for infrared op-
tical fiber applications?®3. Recent density function the-
ory (DFT), Raman spectroscopy and Nuclear Magnetic Reso-
nance (NMR) investigations have been also performed on Se-
GeTey glasses’®?’. The effect of Se on the base glass ap-
pears to be different as the substitution of Se into this kind of
chalcogen-rich base network also alters Te-chains which are
completely absent in GeTe?®. The mechanism of substitution
and the involved structural modification must be, thus, very
different. Except few experimental studies!>?*?>, we are not
aware of any other study on the Te/Se substitution in the base
amorphous GeTe material. This is the purpose of the present
contribution.

Here we present a combined experimental and computa-
tional study on amorphous GeTe;_,Se, systems for a dif-
ferent degree of Se/Te substitution x. Results from X-ray
diffraction experiments are combined with density functional
based molecular dynamics simulations. This permits a com-
plete description of the structural, vibrational and electronic
properties, while also providing a neat account for the ef-
fect of Se substitution into the prototypal phase change ma-
terial GeTe. Structural properties are illustrated by the struc-
ture factors, radial distribution functions, coordination num-
bers, nature of the neighbors and angular distributions. The
main outcome is the fact that such amorphous systems do not
contain at all chalcogen-chalcogen homopolar bonds (Te-Te,
Te-Se, Se-Se), the only homopolar bonds present being Ge-



Ge. Regarding the local structure of Germanium, we also
show that the networks evolve from a mixture of tetrahedral
(T) and octahedral (O) Ge to a dominant tetrahedral network
in GeSe that contains however large bond-bending motions
driven by the stress-release of highly cross-linked amorphous
networks. Regarding chemical bonding, we demonstrate that
the addition of Se increases the covalent character of Te-based
bonds as the localization of corresponding 4s-orbitals is sub-
stantially increased for the considered ternary compositions
GeSeg,sTeoj and GeSeo'75Teo,25.

II. METHODS
A. Film elaboration

GeTe; _,Se, (x = 0, 0.50, 0.75, 1.0) thin films (thick-
nesses 6 um) were deposited by thermal co-evaporation of
the pure elements (Ge pieces, Te pieces and Se granules
from ChemPur, each one with a purity of 99.999%) using
Plassys MEB 500 device equipped with two current induced
heating sources and an electron beam evaporator. The three
sources were placed in a configuration that allowed the depo-
sition of films with uniform composition and thickness over
a surface of about 4 cm in diameter. The two current in-
duced heated sources were used to evaporate Selenium and
Tellurium, whereas the electron beam was used to evaporate
Germanium. Se and Te were placed in two carbon crucibles
inserted in Molybdenum nacelles covered with a perforated
Molybdenum foil, in order to ensure a stable evaporation rate.
Germanium was placed in the electron beam using a Cop-
per crucible. The microscope slides used as substrates were
cleaned with alcohol and dried with dry air. Before the de-
position, the chamber was evacuated down to approximately
1073 Pa. During the deposition process, the substrate holder
was rotating at 8 rpm and heated at 90°C in order to improve
the adhesion with the deposited layer. The evaporation rate
and thickness for each element were automatically controlled
with pre-calibrated quartz crystal monitors. A typical film de-
position rate of 420 nm/min was applied. Let us note that no
further annealing treatment was carried out prior to proceed-
ing to the film characterization.

B. X-ray diffraction

The experimental structure factors S(k) and atomic pair dis-
tribution functions g(r) of the samples were obtained by X-ray
total scattering. Measurements were performed at room tem-
perature with a dedicated laboratory setup based on a Bruker
D8 advance diffractometer (A = 0.559422 A) equipped with a
silver sealed tube and a rapid LynxEye XE-T detector. This
setup was modified in order to maximize collected intensities,
to minimize spurious signal from the empty environment and
to obtain a good counting statistics up to a large scattering
vector length of 21.8 A~!. For each sample, a small amount
of powder was placed in a thin-walled (0.01 mm) borosilicate
glass capillary of about 0.3 mm in diameter. Once sealed, the

Figure 1: A typical snapshot of amorphous GeSeq s9Tepso. Ge,
Se and Te atoms are represented by red, blue and yellow spheres,
respectively. Bonds are defined using a uniform cutoff of 3.1 A.

capillary was mounted on a goniometric head and adjusted
such that its axis coincides with the goniometer axis of the
diffractometer. The data acquisition consisted of several scans
in the 0.4-152°, 50-152° and 100-152° ranges with a step size
of 0.01°. The scans were subsequently merged, leading to a
total equivalent acquisition time of about 120 hours per sam-
ple. The raw data were corrected, normalized and Fourier
transformed using a homemade software*! in order to obtain
the atomic pair distribution function of the sample, g(r). The
corrections included capillary, empty environment and Comp-
ton scatterings, fluorescence, absorption and polarization ef-
fects.

III. RESULTS
A. Molecular dynamics

We performed a series of first principles molecular dynam-
ics simulations®® using a canonical (NVT) ensemble on four
atomic GeTe;_,Se, systems containing N=200 atoms with
different compositions (x=0?°, 0.50, 0.75 and 1.0) with the
number of Ge, Te and Se atoms fulfilling the desired stoi-
chiometry (Figure 1). A periodically repeated cubic cell was
used, whose size changes according to the number density of
the glasses?* (Table I). In order to check for pressure sensi-
tivity, different additional simulations were performed for
the particular x =0.50 system, and indicated that a pres-
sure change from - 4.0 GPa up to 6.0 GPa led to a den-
sity variation of +20 %, i.e. we found py=0.0263 A3 for
- 4.0 GPa, and 0.048 A3 for 6.0 GPa. At the experimen-
tal system density, the calculated pressure was found to



be ~-2.0 GPa at 300 K. Such negative values are known
to result from the incorporation of dispersion forces®!-2
which improve the structure and chemical bond lengths
with respect to experiments in Tellurides but induce a
slightly tensile character. We used density functional the-
ory with a Grimme correction (DFT-D23%) in combination
with plane wave basis sets. The electronic scheme used a
PBE functional®* within a generalized gradient approxima-
tion (GGA) for the exchange correlation energy. Previous in-
vestigations on the related binary GeTe have shown that this
electronic scheme improves substantially the description of
both short and intermediate-range in the liquid and amorphous
state®>3%-36 The electronic structure of the liquids and glasses
was described within DFT and evolved self-consistently dur-
ing the motion with valence electrons being treated explicitly,
in conjunction with norm-conserving pseudopotentials to ac-
count for core-valence interactions. The wave functions were
expanded at the I™-point of the supercell and the energy cutoff
was set at 20 Ry. Starting configurations were taken from bi-
nary GeTe liquids®® and Se atoms were randomly inserted in
order to meet the desired stoichiometry.

Loss of the memory of the initial configurations has been
achieved through preliminary runs at 2000K over 30 ps with a
time step of Ar=0.36 fs and a fictitious mass of 2000 a.u., prior
to equilibration at 1500 K, 1200 K, 900 K and 600 K, each at
30-60 ps, and finally 300 K for 80 ps (Figure 2a). These cool-
ing steps were performed in a sequential fashion, e.g. the
equilibration at 1200 K started from the last configuration
(positions/velocities) obtained at 1500 K, and so on. For
each composition, the quenching procedure was repeated
three times by selecting at 900 K independent configura-
tions of the equilibrated liquids. By averaging over three in-
dependent trajectories in the glassy state which describe pos-
sible quenched structures of the potential energy landscape,
one increases the statistical accuracy of the structural model
as previously noticed for other systems>’-3%,

The addition of Se into the base GeTe leads to an over-
all stabilization of the system as the calculated Kohn-Sham
energies Egg decrease with the addition of Se content. Dur-
ing the quenching of the liquids, Exs decrease with decreas-
ing T as it does during the experimental glass transition that
can be also reproduced from simulation®>*°. Figure 2a high-
lights such salient phenomenology for a given cooling rate
in GeSeg 50Tep 50, and the small curvature in the region 500-
1000 K might indicate the presence of a possible fictive tem-
perature. It should be noted that for each target temperature,
the systems is rather well equilibrated as shown in the in-
set which represents Exgs with simulation time for different
T. Figure 2b now represents Exs for the four samples as a
function of temperature. It is seen that the addition leads to a
systematic decrease of Egg with increasing Se content.

B. Reciprocal space properties

We first represent in Fig. 3a the calculated and measured
X-ray structure factor. Note that S(k) has been calculated us-
ing an X-ray weighted sum of partial correlations S, (k) in
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Figure 2: (a) Evolution of the Kohn-Sham energy Ekg as a function
of temperature 7' for GeSeq s9Teg.so. The inset displays the time
evolution of Egg over the trajectory. (b) Evolution of the Kohn-Sham
energy Egg for the four systems of interest.

Fourier space :

S(k) = (£) Y. cucmfufnSum (k) (1)

n,m

with :

(f) =Y cnfo = foe+xfse+ (1 —x)fre 2)

where the f, and ¢, represent the atomic form factors taken
as fu=Z, (f6e=32, fs.=34, fr.=52) and species concentra-
tion, respectively. The partial correlations have been evalu-
ated from a Fourier transform of the partial pair correlation
functions g, (r):

sin(kr)
kr

Sim(k) =1+ po/47£r2 [g,,m(r) — 1} dr  (3)

where py is the system number density>* (Table I). Note that
for select compositions, we have also used in parallel both
equs. (3) and (4) (see below) :

Sun(k) = ;,<ZZe""'<R"Rm>> @

For all compositions, the comparison between the calculated
S(k) and XRD measured total structure factor appears to be
very good as all peaks are nearly reproduced in position, am-
plitude and width. We notice however that the increase of Se
content leads to a progressive overestimation of the first prin-
cipal peak (PP) at ki, although the other parts of the diffrac-
tion pattern are entirely reproduced up to 14 A~! for amor-
phous GeSe. Of special importance is the reproduction of
the two principal peaks (PP) for the other compositions found
at ky =~ 1.92-2.25 A" and k ~3.37-3.54 A~", and the near
absence of a first sharp diffraction peak that is barely vis-
ible in the experimental spectra (see however at 1.5 AN,
The addition of Se into the base GeTe leads to a slightly
shifted higher k values in principal peaks (PP) positions of



Table I: Experimental (first line per composition) and calculated properties (second line in bracketts) of the different amorphous Ge-Se-Te
systems : system number density, measured positions k; and k; of the first two principal peaks of the total structure factors S(k), order
parameter S=S(ky)/S(k;), first- and second-neighbor peak positions rj and r of the total pair correlation function g(r), minimum r,,;, of the
pair correlation function g(r), coordination number N, using the minimum 7y, of the g(r). Note that a cutoff of 2.2 A has been used for the

evaluation of the experimental N, in order to avoid the spurious effects of short-range oscillations.

System po (A=3)% ki (A ky (A~ S r1 (A) 2 (A) Fomin Niot
GeTe 0.0328 1.92(1) 3.39(0) 0.98(7) 2.59(6) 4.15(6) 3.16(0) 2.70(1)
(2.02) (3.37) 0.97) (2.63) (4.00) (3.16) (2.76)
GeSe 50Tep 50 0.0347 1.92(5) 3.44(3) 1.10(6) 2.48(0) 3.91(8) 3.09(4) 2.81(4)
(2.04) (3.44) (1.05) (2.54) (4.02) (3.04) (2.98)
GeSe( 75Teg 25 0.0371 1.94(2) 3.49(2) 1.08(9) 2.42(2) 3.93(0) 3.06(1) 2.99(2)
(2.12) (3.49) (1.09) (2.43) (3.87) (3.02) (3.18)
GeSe 0.0381 2.02(6) 3.53(2) 1.22(6) 2.40(0) 3.86(8) 2.92(5) 3.01(4)
(2.25) (3.54) (1.16) (2.45) (3.86) (2.94) (3.09)

experimental and calculated S(k), especially for the second
peak position kp. Even the behavior up to k ~15 A1 s
reproduced and this becomes obvious once the interference
function (k) = k[S(k) — 1] is represented (Figure 3b) as I(k)
blows up the oscillations at large momentum transfer. The
agreement is, thus, an indication that the short-range order
of the Ge-Se-Te networks is correctly reproduced. In addi-
tion, a Gaussian decomposition in Fourier space of S(k) has
shown that features beyond the principal peaks (PP) region
(k >6 A’l) are linked with second-neighbor correlations*2.
This is the case for a small contribution at ~6.5 A~! that is
barely visible in Fig. 3 except for GeTe but noticeable in Fig.
3b for some other composition. It is reproduced from the sim-
ulation for amorphous GeTe only. In liquid state, it is possible
to define an order parameter S = S(k2)/S(k;) that allows dis-
tinguishing between an octahedral liquid (S < 1, Ge5Tegs for
instance) and a tetrahedral one (S > 1, GeSe, for instance)**.
Values of this parameter for the amorphous state are reported
in Table 1. Except for amorphous GeTe, for other composi-
tions, S is higher than 1 suggesting that these amorphous net-
works display an increased tetrahedral local order.

There are no main contribution arising from a
given function Sp,(k) as all weighted contributions
(Y 2cpnemfufinSum(k) contribute in the range [0-0.3] to
the total structure factor (Figure 4a). All correlations
(chalcogen-chalcogen but also Ge-related) define the first PP
at k; (green curves, Fig. 4a), whereas the secondary peak
is dominated by contributions involving Ge atoms (Ge-Ge,
Ge-Te, Ge-Se, broken green curve). A recent study associates
the first PP and the second PP to some structural ordering™.
The peak at &, is assumed to be a generic feature associated
with nearest-neighbour contacts, and is therefore present in all
amorphous materials. The peak amplitude at k; < k appears
if directional character is present as in e.g. GeSe,, and this
leads to the formation of tetrahedral motifs involving a second
longer-length scale between such building blocks. Using this

scheme, we understand that the importance of the secondary
peak amplitude at k, results mainly from Ge contributions
whose associated geometries are partly tetrahedral in GeTe
and Te-containing systems and predominantly tetrahedral in
GeSe. An inspection of this secondary peak with composition
shows a moderate increase of the amplitude with Se content
(Fig. 4b) and the increased contribution of Ge atoms to the
secondary PP is essentially due to the reduction of Te atoms
which have a larger form factor (taken here as f;=2;).

C. Real space properties

We now turn to real space properties and represent in Fig-
ure 5 the calculated and measured pair correlation function
g(r). We note that the main features are reproduced from the
simulation, from GeTe?® to those containing Se atoms, i.e.
both positions and amplitudes of the two principal peaks at
r1 ~2.40-2.59 A and ry ~3.86-4.15 A (depending on experi-
mental composition) are being recovered as we find numeri-
cally 2.43-2.63 A and 3.86-4.15 A for r| and r», respectively
(Table I). We also remark that the evolution of the two peak
positions found experimentally that is, a continuous decrease
with Se content, is also reproduced from the DFT simulations.
The origin of this trend is obviously driven by the reduction
of the main bond lengths (Ge-Se is shorter than Ge-Te) and by
the increasing density as one moves from GeTe to GeSe. Us-
ing total pair correlation functions g(r) and the number den-
sities p024 (see Table I), it is possible to obtain a total coordi-
nation number Ny, (r) defined by:

T'min )

Nier = 41pg / g (r)dr 5)

o

the lower integration bound ry being fixed to 2.2 A for all
compositions (see Fig. 5). The values of the upper bound r,,;,
(given in Table I) are chosen as the value of the first minimum



(@)

GeSe

2 4 6 8 10 12 14

2 -1
k(A”)
T T 7T T°T III|III|IIIIII|III
— 2 (b)
~3
<2}
X
L
=
_1II|III|III|III|III|III|III
2 4 6 8 10 12 14
2 -1
K(A)
Figure 3: (a) Calculated structure factor S(k) (red) compared to

XRD experimental measurements (black). Results for GeTe are
given?’. Error bars arise from the averages performed over the
three independent quenches for the three present ternary compo-
sitions. The blue curve is from Piarristeguy et al.>8. (b) Calculated
interference function /(k) (red) of GeSeq 50Teq 50 compared to XRD
experimental measurements (black).

Tmin Of the function r2.¢(r). Even if N;,, has no real physical
meaning since a binary/ternary alloy is studied here, it can be
used as an indicator of the average structural changes under-
going as the Se content is changed. As seen in Table I, Ny,
increases with increasing the Se concentration into the base
GeTe which might result from the substantial increase of the
system density po (Table I).
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Figure 4: (a) Total calculated (red, equ. (3) and gray, equ. (4))
and measured (black) structure factor S(k) of GeSe 50Teg 50 (same
as Fig. 3, red) and decomposition into weighted partials Sy, (k).
The broken and solid green curves correspond to total Ge and to
(Te,Se) contributions, respectively. (b) Behavior of Ge and (Te,Se)
contributions to S(k) for GeSe( 50Teq 50 (same as Fig. 4a) and for
GeSe.75Teg 25 glasses.

1. Partial pair correlations

Figure 6 now represents the partial pair correlations for
the four systems of interest. The study of amorphous GeTe
has been extensively examined in ref. 29 and we just re-
call here the main features of the base network useful for
the forthcoming discussion. We remind that although numer-
ous simulation studies have been performed on amorphous
GeTe™40, recent investigations have emphasized the crucial
role payed by dispersion forces in the DFT scheme in order
to obtain accurate structure models which do not contain a
spurious "bond-distance" problem (overestimation of Ge-Te
bond distances). Using this improved MD scheme (DFT-D2),
various scattering data can be accurately reproduced, i.e. X-
ray absorption spectroscopy (EXAFS*”*8), anomalous X-ray
scattering?® and X-ray scattering?® (see also Fig. 3a). The
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Figure 5: Calculated pair correlation function g () (red) compared to
XRD experimental measurements (black) of Ge-Se-Te glasses. Re-
sults for GeTe are given?. Error bars arise from the averages
performed over the three independent quenches for the three
present ternary compositions.

analysis of the partials reveals that GeTe contains predomi-
nantly homopolar Ge-Ge and heteropolar Ge-Te bonds char-
acterized by distances of 2.50 A and 2.70 A, respectively
(experimentally 2.47 A and 2.62 A%°). A small fraction of
hompolar Te-Te bonds is found that lead to a prepeak in the
grete function at 2.89 A (Fig. 6c, inset). It should be noted
that the fraction of such Ge-Ge bonds depends on the cho-
sen electronic scheme®!, an increased metallic character
leading to a reduction of such defects in lighter chalco-
genides. For the amorphous Tellurides, different simula-
tion schemes have also emphasized the sensitivity of DFT
electronic models on the Ge-Ge statistics*2, but weak dif-
ferences are found in Ge-Ge correlations between DFT-D2
and DFT-D3 schemes®>.

The substitution by Se atoms does not alter the short range
structure associated with Ge atoms as noticed from the inspec-
tion of the corresponding partials (Fig. 6a,c.d), e.g. the func-
tion ggege displays the same principal peak at a distance of
2.50 A that is independent of Se content. An increased struc-
turation of the base network manifests by a more pronounced
minimum of gg.g. for GeTe, however. The other pairs appear
to be weakly sensitive to the Te/Se substitution.

Table II: Calculated partial coordination numbers 7y, in the investi-
gated systems. All have been calculated at the minimum /7 of the
corresponding partial pair correlation function gy, (r).

System GeGe GeSe GeTe SeSe SeTe TeTe
GeTe? 1.79 2.20 0.28
EXAFS* 1.57-1.89 1.38-1.47

GeSe 50Teg 50 1.52 1.10 1.44 - - 004
GeSe( 75Teq 25 147 177  0.65 - - 005
GeSe 1.34 2.46 -

1-GeSe* 0.80  2.94 0.01

1-GeSe>? 0.80 3.2 0.22

2. Coordinations

Table II provides the detail of the coordination numbers us-
ing :

Npm = 4np0/0 " rzgnm(r)dr (6)

where n,,, are partial coordination numbers, g, (r) partial
pair correlation functions and pg is given in Table I. It should
first be reminded that for the base GeTe system, the re-
duced Te coordination number results from the incorpora-
tion of the DFT-D2 scheme”® that permits to reduce the
Ge-Te bond length and the subsequent calculated nger, co-
ordination. From Table II, we find ng.=ngeget+ngere=3.99
and nr.=nreGe+nrer.=2.48 for Ge and Te atoms, respectively.
Once Se atoms are added into the network, we first note the
absence of Se-Se and Se-Te pairs as already acknowledged
from the absence of a peak in the corresponding partial pair
correlation functions at typical bonding distances (2.5-3.5 A,
Fig. 6). It contrasts with the presence of remaining Te-Te
bonds present in amorphous GeTe (inset of Fig. 6c¢) but also
in the ternary Ge-Se-Te glasses, and signals that the emerging
GeSe network will be essentially dominated by Ge-Ge and
Ge-Se bonds.

With increasing Se content, the Ge-Ge binary coordina-
tion decreases from 1.79 (in the range of values determined
from EXAFS*?) to 1.34 for GeSe, and for the Ge coordi-
nation NGe.=NGeGetNGeTetNGese WE obtain 4.06 and 3.89 for
GeSep 50Teg 50 and GeSeg75Teg 25, respectively (Table III).
The corresponding Se coordination is found to be ng,=2.20
and 2.36 for the same compositions.

The addition of Se into the base GeTe leads to a reduction
of a higher coordinated defect geometries such as Ge” which
reduces from about 10 % to only 2-3 % for the ternary com-
positions Ge-Se-Te but increases finally to 8 % for GeSe (Ta-
ble IIT). This trend seems to parallel the one of Ge!// which
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Figure 6: Calculated pair correlation function g, (r) of Ge-Se-Te glasses. The insets in (c) and (d) show the g7, (r) and gges.(r) respectively.

Table III: Calculated coordination numbers 7,, in the investigated systems, together with coordination distribution and fraction nr of tetrahedral
Ge. All have been calculated at the minima r%y,;, of the corresponding partial pair correlation function g, (r). A cutoff of 6=12° has been used
for the calculation of nr.

System nge nse nre Nr(%) Ge (%) GeV(%) Ge¥(%) Tel(%) Te'(%) Te(%) Se!(%) Se''(%) Se''(%)
GeTe? 3.99 248 647 8.3 81.2 10.1 0.7 57.1 39.7

GeSepsoTegso  4.06 220 292  66.1 17.0 79.9 3.1 4.0 56.2 39.8 - 84.0 16.0
GeSep7sTegrs  3.89 236 265 67.0 19.7 78.3 2.0 - 68.0 32.0 - 69.3 30.7

GeSe 3.80 2.46 74.0 11.8 80.2 8.0 - 58.2 42.8




behaves in the opposite direction (maximum of 3-fold Ge for
the ternary compositions), so that the fraction of Ge defects re-
mains essentially the same (~20 %) for all investigated com-
positions.

The coordination number of Te is dominated by 2-fold
species for all Te-based glasses and display a majority of 2-
fold coordination ranging from 57.1 % up top 68.0 % for GeTe
and GeSe 75Teq.25, respectively (Table III). A minority 3-fold
coordination is also obtained (32-39.7 %) that is somewhat
larger than the one determined for Se in GeSe (44.0 %).

The detail of the neighborhood of the Ge atoms appears also
to be instructive. Here, we focus on the different r-fold Ge
species (r=3, 4, 5) and evaluate the number of Ge-Ge, Ge-Te
and Ge-Se bonds among the structure, given the information
on the coordination statistics. Table IV represents such data
for the four compositions of interest. Here the label (gs) refers
to the number g of Ge neighbors around a r-folded Ge, and to
the number s of Se neighbors, the number of Te atoms being
given by r — s — g. For a 4-folded Ge (Ge'"), the structure (21)
corresponds for instance to a Ge,TeSe-Ge species.

The base GeTe network is dominated by Ge species having
one (10), two (20) or three (30) homopolar Ge-Ge bonds with
probability 36.2 %, 42.8 % and 21.5 % for 4-fold Ge, respec-
tively, whereas 5-fold Ge appears to attract a larger amount of
Ge-Ge bonds (60.9 % for (40) species), although his number
has to be put in perspective with the small fraction of 5-fold
Ge (10.1 %, Table III). Once Se is added into the network, we
note a strong reduction for species having the largest number
of Ge-Ge bonds for Ge!", i.e. (20) or (30) reduce substantially
when changing from GeTe to GeSe( 50Teq.s0, and the proba-
bility of finding a Ge;Te-Ge species is very small (0.7 %) at
this composition.

On the overall, for the compositions containing the three
types of atoms, the dominant local structures appear to be
made of mixed Ge species containing Ge, Te and Se atoms
without any preferential formation of "pure" species contain-
ing only one type of chalcogen atom, i.e. (21), (12) and (22)
dominate for both GeSeg 50Teg 50 and GeSeg5Teq 75, rather
than e.g. (02), (03) or (20). This feature that can be also no-
ticed from an inspection of the atomic snapshot (Fig. 1) that
signals the presence of both Te and Se atoms in the vicinity
of Germanium atoms. For the ternaries GeSeq 50Teg 59 and
GeSe.75Teg 25, we furthermore note the strong reduction of
the (20) for in Ge!¥ and Ge species, i.e. the substitution of
Te by Se seems to essentially impact SRO that does not con-
tain Se atoms at all. Instead, with growing Se content the
dominant motif appears to be the (22) one that grows up to
about ~45 % for Ge!V, whereas it does not seem to be less
frequent for 5-fold Ge (4.4 % in GeSeq 75Teg 25).

3. Bond angle distributions

Figure 7 represents the most significant bond angle distri-
butions (BAD) of the different systems. Note that because
the fraction of chalcogen triplet chains X — X — X (X=Te,Se)
is less than 1 %, any combination of (Te,Se) lead to scattered
and noisy distributions P(8) which manifests e.g. in Ge-Se-Te

! I I ' I I '
Te-Ge-Te

a — GeTe
— GeSeOlSTeo_5
- GeSeOJSTGO.ZS
1 | |
60 80 100 120 140 160 180
! I I I I I ' I !
b Ge-Te-Ge
. .
60 80 100 120 140 160 180

\ \
60 80 100 120 140 160 180
\ \ I

d Ge-Se-Ge
GeSe
. \ = :
60 80 100 120 140 160 180
‘ \ \ \ \ \ \ ‘
e Se-Ge-Se
PO | | \ ‘
60 80 100 120 140 160 180
Bond angle 6 (deg)
Figure 7:  Select calculated bond angle distributions in Ge-Te-Se

glasses: (a) Te-Ge-Te, (b) Ge-Te-Ge, (c) Ge-Se-Te, (d) Ge-Se-Ge and
(e) Se-Ge-Se for different compositions : GeTe (red), GeSe 5o Teg.s0
(black), GeSeq.75Teg 25 (blue) and GeSe (green).

(Fig. 7¢c) due to the very low fraction of chalcogen-chalcogen
(i.e. Te-Se) bonds, as already detected from the bond analysis
(Table III). This situation has been already noticed for the base
GeTe amorphous system?’. First, the local environment of Te
atoms appears to be slightly changed with Se substitution al-
though the BAD is always merely centred around the angle
90° found in GeTe (Fig. 7b). A broadening of the distribution
is found with increasing Se content, however. Conversely, the
corresponding Ge-Se-Ge BAD (Fig. 7d) appears unchanged
with composition. The evolution of Te-Ge-Te bond angles
(Fig. 7a) appears more complex due to the mixed geometries
(tetrahedral (T) and octahedral (O)) that are already present
in GeTe. This leads to a broad peak containing contributions
at 90-100° and 109° in the Te-Ge-Te BAD (Fig. 7a) that is
accompanied by a significant minority peak at 180° which
is indicative of a defect octahedral configuration for 4-fold
Ge. This behavior is at variance with the analogous Se-Ge-
Se BAD (Fig. 7e) that clearly peaks at the tetrahedral angle of
109°. Using a constraint topological analysis, the population



Table IV: Calculated fraction (%) of species related to a r-fold coordinated Ge. The fractions are normalized with respect to a given r-fold
population. The symbols (gs) on the heading line refer to the number of Ge and Se atoms around a r-fold coordinated Ge, respectively, e.g. 31

refers to 3 Ge, 1 Se and r-g-s=r-4 Te around a r-fold Ge atom.

System 10 01 11 20 02 21 12 22 30 03 13 31 32 23 40 14 41

Ge!l  GeTe 69.3 28.2 25
GeSepsoTepso 247 3.7 135 65 65 112 321 1.9
GeSep75Tegns - 64 275 211 88 11.1 199 5.3
GeSe 264 44.0 - 29.6

Ge!V'  GeTe 36.2 42.8 21.5 1.1
GeSepsoTeoso 3.7 - 91 165 27 172 209 233 04 02 54 02 0.2
GeSe.75Teg 25 - - 148 54 - 117 74 447 07 27 97 27 -

GeSe 45.2 51.8 3.0 -

Ge¥  GeTe 1.1 27.6 10.4 60.9
GeSegsoTepso 4.1 - 21 218 - 46 16 131 104 - 153 27 57 152 02 3.0 -
GeSegsTepns - - 02 - - 101 121 44 54 22 62 47 170 151 - 27 198
GeSe 16.3 549 266 2.2

of tetrahedra or the contribution of the two species can be sep- é ! Té—GeLSe

arated and for amorphous GeTe it was found that the fraction

Nr of Ge tetrahedra was about 65 % (Table III). This value

is much larger than previously reported and highly sensitive

to 1) the electronic scheme used for the DFT that impacts the | | | ‘ |

Ge-Te bond length>® and the subsequent calculated 17, and ii) 60 80 100 120 140 160 180

the method used to determine such population (for a discus- 6 \ \ \ T 1 T 1

sion, see Ref. 57). It is also important to stress that the most e — GeTe Ge-Ge-Te

rigorous method based on topological constraints is compati- D, — GeSey5Te,

ble with an evaluation of 17 from Méssbauer experiments in o — GeSe, ,:Te, 5

Ge-Te, Si-Te7 and Ge-Sb-Te>8.

An inspection of the additional panels provided in Figure
8 finally signals that the presence of homopolar Ge-Ge bonds
does not affect the angular properties of the structure, and this
becomes particularly obvious as one compares for e.g. the in-
termediate composition GeSeg soTeg 50, the distributions Se-
Ge-Te, Ge-Ge-Se and Ge-Ge-Te. Concerning the latter, it has
been shown>” that the presence of homopolar Ge-Ge was pro-
moting the population of Ge tetrahedra in phase change Tel-
lurides, and the present results of Figure 8b indicates, indeed
a more sharper peak around 109° that progressively broadens
as the Se content is increased, consistently with the growth of
the calculated fraction 17 (Table III).

IV. ELECTRONIC PROPERTIES

From four select configurations per composition of the
amorphous phases, we have performed the calculation of their
electronic structures which are displayed in Figs. 9 and 10.
We first note that for GeTe, the calculated band structure re-
produces rather well experimental results obtained from X-
ray photoemission spectroscopy (XPS%%¢1), and the band gap

100

T ‘ T
c Ge-Ge-Se
/\ GeSe

100 120 140
Bond angle 6 (deg)

120 140 160 180

160 180

Figure 8: Select calculated Ge-centred bond angle distributions :
(a) Te-Ge-Se, (b) Ge-Ge-Te and (c) Ge-Ge-Se for different composi-
tions: GeTe (red), GeSeq 50 Teg 50 (black), GeSeq 75Teg 25 (blue) and
GeSe (green).

is found to be of about 0.7 eV, consistently with previous
DFT calculations®”> which are close to the experimental esti-
mates (0.75-0.85, see Refs. 63—65). Early XPS studies®-00-67
have emphasized the important difference in density of states
of amorphous and crystalline GeTe that lead to a semi- or
p-type extrinsic semiconducting behavior, respectively. The
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Figure 9: Calculated electronic density of states (EDOS) and inverse
participation ratio (IPR, orange) of Ge-Te-Se glasses. Note that same
scale is used for the IPR axis in all panels. In panel (d), experimen-
tal XPS results for amorphous GeTe are provided (red circles®® and
green curve®l).

calculated Fermi energy EF increases linearly with Se content
from 0.56(7) eV for GeTe (experimentally 0.31 eV%®) up to
2.38(6) eV for GeSe. The double peak observed in the p-band
structure with a minimum at around -2.5 eV (red circles®®
Fig. 9d) was assigned to presence of long-range order but has
not been detected in more recent studies®'. This double peak
is not obtained from the present simulations. The overall form
of the valence band of GeTe represented in Fig. 9d can be un-
derstood in terms of a contribution of s-orbitals of Ge and Te
centred at -8.0 and -11.5 eV, respectively (Figure 9), together
with a broad band close to the Fermi level that is dominated
by p-orbitals of Te atoms.

As noticed from Fig. 9a, the profile of amorphous GeSe
turns out to be radically different because of the presence of
a large gap between -12.0 and -9.5 eV that separates s-band
arising from Se from the s-band of Ge.

The projected DOS furthermore shows that for the two
ternary Ge-Te-Se compositions, the alteration mostly occurs
in the low energy bands corresponding to s-contributions from
Te and Se atoms, centred at -11.6 eV and -13.5 eV, respec-
tively. While the GeSeq 50Teg.so compound exhibits a near
continuous band distribution covering s-orbitals of all in-
volved atoms from -5.7 ¢V down to -15 eV, the Se-rich com-
position (GeSeq 75Teq 25) exibits well separated bands (s-Se,
s-Te, s-Ge) with gaps that are of about 0.5 eV for each, and

10

GeSe s-Ge p-Ge (@)
ry -12 8 4

T T T T I T T T I I I T T

Geseo 75 0 25 (b)

(-)16 -12 4

GeSe Te s-Ge p- Ge (c)

s-Te

Figure 10: Calculated electronic density of states (EDOS) of Ge-
Te-Se glasses. Partial contributions (atoms, orbitals) are given by
colored curves.

this signals the emerging electronic structure of amorphous
GeSe. As noticed from Fig. 10, the conduction band is domi-
nated by contributions from p-orbitals, both Ge and Te.

An addition analysis using the inverse participation ratios
(IPR, orange in Fig. 9) defined by :

Jdr|¥(r)[*
(fdr[¥(r)*)?

permits to measure the degree of localized orbitals as large
value are usually indicative of localization around specific
bonds, i.e. IPR—0 for a fully delocalized state (conductor)
and [PR— 1 for a pure state. An combined inspection of GeTe
and GeSe suggests a much more localized bonding for the lat-
ter which is consistent with its increased covalent character. It
manifests by large IPR values (0.2) close to the edges of the
s-band and to a lesser extent for energies at about -11 eV in
the s-Ge band.

The addition of Se atoms into the base GeTe system now re-
veals that the localization of the bonding will increase as sug-
gested by the large contributions over the entire s-Te and s-Se
bands (Figs. 9(b)-(c)), also indicating an increased localized
nature of the KS states in the region ranging from -15 eV up to
the lower edge of the s-band of Ge (~-9 eV). The ternary com-
positions appear, thus, to have a near covalent character that

IPR = (N



is clearly increased with respect to the starting GeTe compo-
sition. Clearly the Te-related bands are much more localized
once Se atoms are added into the network.

On the overall, the trend observed with Se addition ap-
peras to be compatible with a loss in metallicity that can
be quantified by a parameter introduced recently® that
defines a material metallicity from the inverse of an aver-
age electronegativity :

My =Y u (8)
k

where x; is the atomic fraction of each component & and
X is the corresponding Pauling electronegativity’’. An
evaluation of such a metallicity parameter Mp indicates,
indeed, that it decreases continuously from Mp=0.48(7)
for GeTe to 0.43(9) for GeSe, the ternary compositions
leading to Mp=0.46(1) and 0.45(0) for GeSe( 50Tey 50 and
GeSe( 75Teq 5, respectively. The values of 0.48-0.49 are
those where most of the PCM are found, i.e. those lying on
the pseudo-join GeTe-Sb,Te; and (Ag,In) doped szTe369,
whereas Se-based Tellurides (e.g. the series Se,Te o_,’")
display a lower Mp due to the presence of the more elec-
tronegative Selenium.

The loss in metallicity also might improve the glass-
forming tendency of such materials as Se-containing liq-
uids are usually known to form glasses over extended
ranges in composition®. This comment appears to be in
line with the conclusions of a recent study on the role of
chemical bonding (from metallic to covalent) on the vitri-
fication properties in Ge-Te-Se’2. Here, it was found that
at a fixed but standard heating rate, only Ge-Se compo-
sitions on the GeSe-GeTe pseudo-binary line could show
a clear glass transition, enabling the determination of a
characteristic temperature.

V. VIBRATIONAL PROPERTIES

We now turn to vibrational properties. Figure 11a rep-
resents the vibrational density of states (VDOS) defined by
the Fourier transform of the velocity-velocity autocorrelation
function (v (¢)-v(0)):

1

8(0) = 3yt

N bl .
X | i@ opear @

where N, kg and T are the total number of atoms, the Boltz-
mann constant and the temperature respectively. The VDOS
of the base system (GeTe) consists in two broad contributions
centred at 70 cm~! and 220 cm™! (Fig. 11e) and can be as-
sociated with vibrations related with Te and Ge, respectively.
The lower frequencies are usually associated with the chalco-
gen atoms’® and a previous DFT study’*7> of amorphous
GeTe has indicated that the VDOS has also a two-component
structure and expands up to 250 cm~!. As one evolves from
amorphous GeTe to GeSe, an slight shift to larger frequencies
is acknowledged for the high frequency band and for GeSe,
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Figure 11: Calculated vibrational density of states (VDOS) of amor-
phous Ge-Te-Se compounds. (a) Total VDOS. (b)-(e) Total VDOS
for each composition (shaded gray) together with partial contribu-
tions from Ge (black), Se (orange) and Te (red).

this band is centred at about 270 cm™!, and more well sep-
arated from the low frequency band that has also shifted to
larger ® a lower extent.

The substitution of Te by Se atoms leads to a more bal-
anced contribution at low frequency as Se and Ge now both
contribute to the VDOS of amorphous GeSe for the low fre-
quency band (Fig. 11b), the ternary compositions having a
nearly equal contribution for ® <150 cm™!, whereas the high
frequency band continues to be dominated by Ge-related vi-
brations.

In amorphous GeTe, the broad band at large frequency seem
to be correlated with two typical peaks in Raman scattering®*
at 122 and 162 cm™!, whereas the band mostly linked with
Te (Fig. 11e) at ® <120 cm ™! are usually associated with Te
and particularly 3-fold Te (0=83 cm™') that has been inferred
from ab initio simulations and empirical bond polarizability
models’®. A recent study of amorphous GeTe-GeSe systems’’
focuses only on the Raman properties induced by the substitu-
tion of Se into crystalline GeTe and highlights essentially the
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Table V: Select mode frequencies @y (in cm™!) of Ge-Te-Se DFT optimized clusters. The values in bracketts indicate angular excursions

Te-Ge-Te for the select case of GeSe|TesHy.

System ® (O7) w3 (07 5 g 7
T-GeTesHy 74.0 75.0 86.8 192.6 231.1 248.6 307.7
BB symetric BB asymetric asymetric asymetric

breathing BS BB BS

T-GeSe; TesHy 76.7 84.2 94.9 197.2 2448 267.3 308.6
(88-131°) (100-118°) (90-121°) (73-133°) (93-120°) (102-114°) (97-127°)

T-GeSe,Te, Hy 82.9 87.1 103.2 2134 262.4 268.9 308.8
T-GeSesHy 83.8 88.1 105.3 2154 290.6 298.1 357.2
0-GeTesHy 74.0 75.1 86.8 192.6 231.1 248.6 307.6

transformation of rhombohedral GeTe into the orthorhombic
GeSe phase.

To further decode vibrational properties, we have per-
formed DFT calculations on Ge-Se-Te clusters representative
of the short-range order of the network structure. The har-
monic frequencies were calculated on optimized structures us-
ing as starting configurations perfect tetrahedra (T-GeX4H4)
and defect octahedra (O-GeTesH,), the number of Se atoms
being changed on the former (from O up to 4). Correspond-
ing eigenfrequencies are provided in (Table V). These con-
centrate on the frequency range (70-300 cm~') where Ra-
man and IR active modes are present®. In amorphous GeTe,
typical observed modes are associated with asymetric bond-
stretching motion (218 cm™ 1) of tetrahedral GeTes, Te vi-
brations (158 cm™!) and a shoulder peak at 165 cm™ . A
more recent DFT-based analysis’® has provided some support
to these claims as the spectrum above 190 cm™! appears to be
dominated by tetrahedral structures, while the most prominent
peaks around 120 and 165 cm ™! arise mainly from vibrations
of atoms in defective octahedral sites.

This analysis reveals that a certain number of frequencies
are not sensitive to composition and this appears to be valid
for the lowest frequency (w; ~74-83 cm™ 1), and to lesser
extent to certain intermediate frequencies (w,, ®3, ®4) that
are associated with bending and breathing motions. The re-
placement of Te by Se induces a slight stiffening of the mo-
tion as manifested by e.g. asymetric bond-streching vibra-
tions which increase continuously from ®s=231.1 cm™! for
T-GeTesHy up to 290.6 cm™! for T-GeSe4Hy, this tendency
being also observed for g and ®7, and responsable with the
shift to larger ® of the high frequency band of the VDOS
with Se substitution (Fig. 1la). Using a nearest-neighbor
central-force model, Sen and Thorpe’® have proposed a re-
lation @ = /B/mcos®/2, where B is a restoring force con-
stant, O the involved angle and m an effective mass for the
vibrating structures such as the oxygen mass in an Si—-O-Si
motion in silica. The analogy leads here to a Ge-X-Ge motion

(X=Te,Se) that indicates that the replacement of Te by the less
heavier Se atom clearly must induce a shift of the VDOS and
Raman/IR bands to higher frequency when changing amor-
phous GeTe to GeSe.

VI. CONCLUSION

Chalcogenides using Ge, Se, and Te represent materials of
special importance given their possibilities in optoelectronic
applications. Such applications are driven by fundamental
properties arising from structure and chemical bonding.

Here, we have focused on the structural, electronic and vi-
brational properties of four compositions in the amorphous
Ge-Se-Te ternary undergoing a Te<+Se substitution by com-
bining molecular dynamics simulations and X-ray diffraction
experiments. The base system is GeTe that has been previ-
ously characterized and the starting simulated structure ap-
pears to be very realistic as thoroughly demonstrated in Ref.
29. The study of all compositions indicates that both the
experimental pair correlation function in real space, and the
structure factor in reciprocal space can be reproduced from
molecular simulations with a very satisfying accuracy. This
permits to decode structural features that cannot be accessed
from experiments.

The molecular simulations reveal, indeed, that the networks
are dominated by four-fold Ge, 2-fold Se and a mixture of 2-
and 3-coordinated Te as in archetypal binary tellurides®”7.
Homopolar bonds are only found for Ge-Ge and a small
fraction of Te-Te pairs and signatures of other chalcogen-
chalcogen homopolar bonds (Te-Se, Se-Se) are barely present.
The rest of the network is dominated by Ge-Se, and Ge-Te
bonds that are found in diffreent populations : tetrahedral (T)
and octahedral (O) Ge to a dominant tetrahedral network in
GeSe (74 %) that contains large bond-bending motions driven
by the stress-release of highly cross-linked amorphous net-
works. While the local structure of the GeTe compound ap-



pears to share essentially one or two Ge atoms around the r-
folded Ge species, the addition of Se leads to mixed geome-
tries that have been characterized and can connect e.g. two Se
and two Te atoms to a 4-fold Germanium atom.

Regarding chemical bonding, we first reproduce correctly
the electronic density of states accessed from XPS measure-
ments with corresponding 4s and 4p bands that evolve from
GeTe and then demonstrate that the addition of Selenium
increases the covalent character of Te-based bonds as the
localization of corresponding 4s-orbitals is substantially in-
creased for the considered ternary compositions GeSeq sTeg s
and GeSe( 75Teg.25. This indicates that such materials evolve
from a bonding that is in between the metallic and the covalent
bond in GeTe towards nearly full covalent character at already
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50 % substituted Se. These properties might be employed to
design dedicated opto-electronic materials.
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