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High resolution Raman spectra of GeSe2 glass were measured and fitted using individual Gaussian compo-
nents. The structural origin of the components were interpreted using the results of ab initio density functional
theory calculations performed onGenSem nanoclusters (n = 2–6, 12;m = 6–9, 12, 14–16, 30)which represent
the local structure of GeSe2 glass and on some “defect” GenSem clusters that are thought to be related to the
inhomogeneity of the structure at the nanoscale. The calculated vibrational properties of GenSem nanoclusters
and their couplings with the short- and medium-range order structure formations in GeSe2 glass are analyzed
and discussed.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Amorphous chalcogenides in their glass and thin film forms are
attractive class of non-crystalline semiconductor materials [1,2]. Due
to the unique physico-chemical properties of Ge-based chalcogenides
they have a wide range of applications in infrared (IR) and non-linear
optics, photonics, ultrafast signal processing and optical regeneration,
information recording, biosensing etc. [3–17]. The stoichiometric GeSe2
glass (hereafter denoted as g-GeSe2) composition has been the subject
of great scientific and technological interest since it is a promising ma-
terial for IR optical and non-linear photonics applications [9,18–23].
In addition, g-GeSe2 shows various kinds of light-induced structural
changes in processes such as photo-bleaching, photo-crystallization,
and photo-induced diffusion [24,25]. The photomodification properties
of dichalcogenides can be applied to the branch couplers, interferom-
eters, waveguides, nano-lens and photo-resist materials for themicro-
and nano-fabrication. Also, GeSe2 is a “canonical” model object of the
binary Ge–Se glass system with the complex structure, particularly
in view of achieving a description of the relationship between the
short- and medium-range ordering, local dimensionality and structural
transition at the atomic scale and the resulting electronic and optical
properties [26,27].

It is well known that crystalline GeSe2 exists in two different
modifications; low-temperature (LT or α) and high-temperature
(HT or β) [28–32]. The synthesis of additional high temperature
form of GeSe2 (γ-GeSe2) was reported in [33]. The common structural
motif of α- and β-GeSe2 is a 6-member ring consisting three sharing
: +380 31 22 32339.
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GeS4 tetrahedra. The 3D network of LT GeSe2 phase represents mutu-
ally connected 6-member rings. In contrast with LT, the HT-GeSe2 also
contains 4-member rings or so called edge-sharing GeSe4 tetrahedra.
The layer-like 2D network of HT-GeSe2 can be viewed as infinite
parallel chains of 6-member rings connected by edge-sharing
(4-member ring) blocks. The structure (especially at medium range
order (MRO) scale) of a glassy state of GeSe2 is more complex since
it contains homopolar Ge\Ge and Se\Se bonds and has been the
subject of extensive studies during the last decade [27,34–40].

Recently we have performed ab initio density functional theory
(DFT) calculations on GenSem nanoclusters that represent the local
structure of GeSe2 glass and on some “defect” GenSem clusters that
are thought to be related to the inhomogeneity of the structure at
the nanoscale [41]. In this work we present the results of ab initio
calculations together with Raman studies of binary GeSe2 glass. The
detailed analysis of total cluster energies and their derivatives shows
the preference in formation of four- and six-member rings and bigger
clusters that are topologically similar to the β-GeSe2. We have found
that the formations of so called “wrong” Ge\Ge and Se\Se bonds are
energetically favorable when they are incorporated in five-member
rings rather than in form of ethane-like cluster with Ge\Ge bond and
clusterwith Se\Se bridge. Also, somepeculiarities in electronic proper-
ties of clusters with Se\Se bonds and their correlations with dihedral
and bond angles were established [41]. We report here the results of
extended spectroscopic studies on GenSem nanoclusters in order to elu-
cidate themedium range structures of g-GeSe2. The calculated frequen-
cies (~219 cm−1 (i = 4), ~203 cm−1 (i = 6) and ~191–194 cm−1

(i = 8,10)) of main Raman active modes of Ge\Se stretching vibra-
tions of i-member rings demonstrate red-shifting with increasing
ring size (i). Also, the Raman mode at ~176 cm−1 was calculated for
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5-member ring with “wrong” Ge\Ge bond. The contribution of calcu-
lated Raman active modes of 4-, 5-, 6-, 8-, 10-member rings and bigger
GenSem nanoclusters in the curve fitted micro-Raman and FT-Raman
spectra of GeSe2 glass is analyzed and discussed in detail.

2. Experimental and theoretical details

2.1. Sample preparation and experimental details

The bulk germanium diselenide glasses were prepared by the
conventional melt-quenching route from a mixture of high purity
99.999% Ge and Se precursors in evacuated and sealed quartz ampoules
placed in a rocking furnace to obtain the most homogeneous melt. First
the ampoules were heated with the rate of 2–3 K/min and kept at
873–900 K for 18–20 h. Then with the rate of 1–2 K/min the tempera-
ture was increased above the liquidus temperature (1013 K) and was
kept constant at 1070 K during 20–30 h. All ingots were quenched
by switching off the furnace and cooled in ice water (275–277 K). The
additional details can also be found in [42,43].

High resolution FT-Raman spectra of GeSe2 glasses were measured
using a Bruker MULTIRAM FT-Raman spectrometer. Near-IR Nd:YAG
laser with a wavelength of 1064 nm (Eex.1 = 1.17 eV) was used as
excitation source. A Jasco NRS 3100 Raman spectrometer equipped
with CCD detector was used for recording the micro-Raman spectra
(1200 lines/mm grating) with a diode laser operating at 785 nm
(Eex.2 = 1.58 eV) as the excitation source. All measurements were
performed at room temperature in back-scattering geometry. To ob-
tain the high signal-to-noise ratio, 200 spectra were accumulated
and spectral resolution was 2 cm−1. To yield peak positions and
intensity values, the experimental Raman spectra were fitted using
Gaussian type functions with prior subtraction of a background and
fitting was undertaken until reproducible and converged results
were obtained with squared correlations better than r2 ~ 0.99998.
GRAMS/AI 7.02 (Thermo Electron Corporation) software package was
used for spectral manipulations. During the band fitting procedure the
full-width-at-half-maximum (FWHM) was held free for all individual
components. The position and the intensity of the peaks were allowed
to vary freely and independently of each other. The second derivative
profile gives valuable information about the position of the bands and
bandwidths. Thus for the band fitting procedure (to locate the position
of the peaks), the second derivative profiles of the absorption spectra
obtained by using Savitzky–Golay function (second degree polynomial,
17 points) were used as a guide.

2.2. Modeling and calculations

The first stage of our modeling of the local amorphous structures is
based on the structure of corresponding crystals. The GeSe4 tetrahe-
dron in the structure of LT α-form of GeSe2 is mutually connected
by their corners and forms the three-dimensional (3D) crystal net-
work [28,29]. However HT β-form generates two-dimensional (2D)
network built-up by combination of GeSe4 tetrahedra with corner-
and edge-sharing geometries [30–32]. In this network the parallel
endless chains of corner-sharing tetrahedra are linked together by
edge-sharing tetrahedra (Fig. 1). Thus, the short range order (SRO)
structure representing α-GeSe2 is corner-sharing tetrahedra and the
SRO structures representing β-form of GeSe2 crystal are corner- and
edge-sharing tetrahedra (models I and II). The larger cluster which
can be found in the crystal structure of GeSe2 is a six-member ring
consisting three GeSe4 tetrahedra connected by their corners (III).
It should be noted here that two edge-sharing tetrahedra can also
be classified as four-member ring. Models IV and V represent two
six-member rings selected from two directions of 2D network of
β-GeSe2 crystal. In the first case the rings are connected by common
Ge while in the other model rings are connected via the edge-sharing
block. The largest cluster obtained from the crystal structure of GeSe2
monolayer (VI) consists of a big 16-member ring.

It is well known that the structure of amorphous state is very sen-
sitive to the synthesis condition and production technology [26,44].
The significant difference between amorphous and crystalline states
in the structure and in the properties could be due to the formation
of “defects” which include either homopolar (or so called “wrong”)
bonds in binary systems or a non-typical chemical coordination and
non-typical geometry in comparison to the crystals of corresponding
compositions. The ab initio methods are very useful to analyze differ-
ent possible “defect” configurations. Here we represent few possible
models with homopolar Ge\Ge (VII–VIII) and Se\Se (IX–XI) bonds.
The simplest model of Ge\Ge bond can be seen in the hypothetical
cluster, so called ethane-like geometry (VII) [45]. In a similar way
homopolar Se\Se bond can be realized as a linkage between two
GeSe4 tetrahedra (IX). There is also a possibility of Se\Se bond forma-
tion on the edge of the so-called outrigger raft structure (model XI
represents the part of this structure) [46]. Recent investigation of the
structure of Ge4Se9 crystal shows that there is another possibility to
form Se\Se bond through Ge2Se3 + 4 / 2 cluster (X) which substitutes
edge-sharing blocks in 2D crystalline network of β-GeSe2 [47,48].
This cluster together with the model VIII represents five-member
rings with incorporated Se\Se and Ge\Ge bonds, respectively. Ab
initio molecular dynamics (MD) simulations show that in addition
to six- and four-member rings the other types of i-member rings
(i = 3–12) in the structure of liquid and glassy GeSe2 can be seen
[37–40]. Therefore in the present study we extend our analysis to
larger i-member rings (XII and XIII). According to X-ray photoelectron
spectroscopy studies performed by Sanghera and co-workers the con-
centration of non-bridging bonds of seleniumatoms in the stoichiomet-
ric GeSe2 and As2Se3 glass compositions is negligibly small [49,50].
Therefore we did not consider these cluster models with non-bridging
chalcogens. It should be noted, however, that similar to silicate glasses
the addition of “network modifiers” such as alkali selenides to GeSe2
glass can produce non-bridging atoms [49,51].

The dangling bonds of the surface atoms of the selected finite
GenSemmodelswere saturated by hydrogen atoms for a better represen-
tation of the cluster boundaries and H-terminated GenSem nanoclusters
used for further ab initio calculations. The computational part consists
of ab initio DFT calculations performed using the Gaussian-03 quantum-
chemical program package [52]. The self-consistent DFT field method
[53] was applied for geometry optimizations of the clusters using the
Berny optimization procedure. The LANL2DZdp ECP basis set of Hay and
Wadt [54] with polarization function [55] was used for the Ge, Se and H
atoms together with the full Heyd–Scuseria–Ernzerhof hybrid functional
based on a screened Coulomb potential (HSE06) [56,57]. Subsequent
second derivative calculations verified the obtained structures as true
energy minimum geometries. The determined second derivatives of
the potential energies of optimized structures were then used to calcu-
late theharmonic vibrational frequencies. To obtain the Raman activities
of the clusters it is necessary to determine the mean and anisotropy of
the polarizability derivative tensors. The electric dipole moment deriva-
tivemethod implemented in Gaussian-03 softwarewas used to produce
the Raman activities of the vibrational modes of Ge–Se clusters. The
polarizability derivatives were obtained by numerical differentiation of
calculated dipole moment derivatives with respect to the electrical
field. The influence of the hydrogen atoms in the calculated Raman spec-
tra of GenSem clusters was eliminated using the algorithm described in
[58].

3. Results and discussion

3.1. Experimental Raman spectra of GeSe2 glass

In general, the vibrational spectra of GeSe2 glass can be interpreted
using the idealized structural model which contains tetrahedrally



Fig. 1. The crystal structure of high temperature (β) GeSe2 monolayer [32] with the selected GenSem cluster models (I–VI) (left) and the “defect” GenSem cluster geometries with
homopolar Ge\Ge (VII–VIII) and Se\Se (IX–XI) bonds together with the larger eight- and ten-member rings (right). Saturating hydrogen atoms and corresponding bonds are not
shown for clarity.
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coordinated Ge atoms and twofold coordinated Se atoms. The dominant
Raman activemode at ~200 cm−1may be assigned to the full symmet-
ric Ge\Se stretching vibration of the essentially decoupled GeSe4
tetrahedron and to the symmetric stretching vibrations of bridging Se
atoms of corner-sharing tetrahedra [59–62]. The so called “companion”
line of the dominant Ramanmode at ~220 cm−1 may involve the con-
tribution from Ge6Se6 rings [63]. The structural origin of this mode is
still debated. It may be connected either with the breathing vibrations
of Se atoms of edge-sharing GeSe4 configuration [60] or with the con-
tribution from structures with Ge\Ge bonds resulting from nanoscale
separation [64,65]. The later is also supported by the presence in the
Raman spectra of GeSe2 glass of a mode at ~180 cm−1 which originate
from Ge\Ge stretching vibrations of ethane-like units [66]. Fig. 2
shows the measured micro-Raman (Eex.1 = 1.58 eV) and FT-Raman
(Eex.2 = 1.17 eV) spectra of g-GeSe2. As can be seen the spectra dem-
onstrate differences only in the low frequency spectral region
(b150 cm−1) caused by the notch filters used to reject elastically
scattered light. These two spectra in the 150–350 cm−1 region show
Fig. 2. FT-Raman (1064 nm excitation) (a) and micro-Raman (785 nm excitation)
(b) spectra of GeSe2 glass.
no structural changes that indicate quasi-crystallization as observed
in [67–69]. In addition to two main bands at 202 and 218 cm−1,
bands at 179 and 245 cm−1 and two complex broad bands centered
at ~267 and ~312 cm−1 were detected. The 202 and 218 cm−1

Raman modes are related with the Ge\Se stretching vibrations in so
called corner- and edge-sharing tetrahedra, respectively [70–72]. How-
ever, the formermode can also be a characteristic vibration of outrigger
raft cluster [46]. The bands at 179 and 245 cm−1 may be connected
with stretching Ge\Ge vibrations of ethane like cluster and Se\Se
stretching vibrations, respectively [72,73].

Our recent theoretical study on formation energy, stability and
electronic properties of different GenSem clusters indicates that the
formation of single ethane like cluster, single corner sharing GeSe4
tetrahedra and cluster based on two GeSe4 tetrahedra connected by
Se\Se bridge was energetically not favorable structural motifs [41].
On the other hand we have found that the ring-like structures were
most favorablewithin our GenSem clustermodels. In one of our previous
studies [44] we have found that the vibrational mode at ~250 cm−1

observed in the Raman spectra of GeS2 glass can be interpreted as the
existence of GeS microphase rather than ethane-like GenSm cluster
with Ge\Ge bond.
3.2. Calculated Raman spectra of Ge–Se cluster models

The calculated Raman spectra of GenSem nanoclusters are shown
in Fig. 3. As can be seen from Fig. 3A the main experimental Raman
modes observed at 179, 202 and 218 cm−1 (see Fig. 2) can be
described very well using small GenSem clusters (SRO regime). The
Ge\Ge stretching vibration in ethane-like cluster was calculated at
176 cm−1. The Ge\Se stretching vibrations were calculated at 202
and 219 cm−1 for corner- and edge-sharing tetrahedra, respectively.
The calculated Se\Se vibration in model IX was found at 287 cm−1

which is slightly higher than expected. Later we will analyze and
discuss whether the high energy shift of Se\Se stretching vibration is
connected to the method used for calculation or not. The small gas
phase nanoclusters have deformational vibrations below 150 cm−1



Fig. 3. Simulated Raman spectra of GenSem clusters calculated at HSE06/LANL2DZ ECP polarized (p,d) level of theory: spectra of GenSem clusters at SRO regime (A), evolution of
spectra of GenSem clusters topologically similar with HT-GeSe2 (B), and spectra of i-member ring GenSem clusters (C).
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and vibrational modes around 300 cm−1 that originate from IR active
asymmetric Ge\Se stretching vibrations.

With increasing cluster size (Fig. 3B) an additional Raman active
mode was found at ~250 cm−1. Also, we have observed low energy
shift of the Ge\Se stretching vibrations from ~203 to 194/191 cm−1

with increasing ring size from i = 6 to i = 8/10 (Fig. 3C). The main
calculated mode frequencies of Ge\Se, Ge\Ge and Se\Se stretching
vibrations of GenSem clusters, their Raman activities and assignments
are tabulated in Table 1.

Observed peculiarities in the calculated Raman spectra of our
Ge–Se cluster models were used to distinguish the different MRO
structures in the GeSe2 glass structure. For this purpose we have
performed curve fitting procedure on high resolution Raman spectra
of g-GeSe2 using independent Gauss functions. The result of curve
Table 1
Characteristic Raman active modes of Ge\Se, Ge\Ge and Se\Se stretching vibrations
calculated for GenSem nanoclusters (DFT/HSE06/LANL2DZ ECP polarized (p,d)).

Model Frequencies,
(cm−1)

Raman activities,
(Å4/a.m.u.)

Assignment

I 202.2 42.1 νsym(Ge\Se)
II 219.3 39.1 νsym(Ge\Se) (4-mem. ring) (in phase)

243.8 3.1 νsym(Ge\Se) (4-mem. ring) (out of phase)
III 203.4 42.6 νsym(Ge\Se)
IV 203.9 41.2 νsym(Ge\Se)

205.0 78.2 ν(Ge\Se) (6-mem. ring)
V 219.5 25.3 νsym(Ge\Se) (4-mem. ring) (in phase)

248.8 10.8 νsym(Ge\Se) (4-mem. ring) (out of phase)
VI 206.4 85.3 νsym(Ge\Se) (6-mem. ring)

218.3 35.0 νsym(Ge\Se) (4-mem. ring) (in phase)
247.4 9.8 νsym(Ge\Se) (4-mem. ring) (out of phase)

VII 175.5 39.7 ν(Ge\Ge)
292.0 12.7 ν(Ge\Se)

VIII 175.5 36.5 ν(Ge\Ge)
204.3 10.0 νsym(Ge\Se)

IX 199.5 38.2 νsym(Ge\Se)
287.2 9.1 ν(Se\Se)

X 202.2 37.9 νsym(Ge\Se)
283.3 9.4 ν(Se\Se)

XI 204.5 31.3 ν(Ge\Se)
284.5 4.6 ν(Se\Se)

XII 190.9 33.8 ν(Ge\Se)
201.7 15.6 ν(Ge\Se)

XIII 194.3 65.2 ν(Ge\Se)
fitting is summarized in Fig. 4. As clearly seen the main vibrational
mode centered at ~202 cm−1 in the Raman spectra of g-GeSe2 con-
sists of two peaks located at 204.1 and 195.9 cm−1. The former is in
very good accordance with the Raman mode at 204/205 cm−1 calcu-
lated for six-member rings and larger ring-like GenSem clusters topo-
logically similar with HT-GeSe2 (Fig. 3B). We suppose that the mode
at 195.9 cm−1 originates from larger rings with i = 8, 10 (Fig. 3C).
The additional signature for the existence of big clusters topologically
similar with HT-GeSe2 is the band at 243.7 cm−1 observed in the
curve fitted Raman spectra of g-GeSe2. Such mode is calculated at
248.8 and 247.4 cm−1 for models V and VI, respectively (See Fig. 3B
and Table 1). Thus, it is possible to distinguish between four-, six-
and larger (eight-, ten-) member Ge–Se rings in the structure of
g-GeSe2: the four- and six-member rings occur in the structure of
GeSe2 glass with nearly the same concentration while the concentra-
tion of larger eight- and ten- member rings is less but quite significant.

It is not possible to find evidence of an energetically more favor-
able model of five-member rings describing homopolar Ge\Ge
and Se\Se bonds [41] using Raman spectroscopy. The calculated
Ge\Ge vibration yields the same frequency (175.5 cm−1) for both
ethane-like and five-member ring models (Table 1). Also, the Se\Se
stretching vibrations within our Ge\Se clusters calculated at 287.2,
283.3 and 284.5 cm−1 for models IX, X and XI, respectively cannot
be distinguished due to broadening and overlapping of asymmetric
Ge\Se stretching vibrations.

To analyze the frequency position of the Se\Se stretching vibra-
tions in GenSem clusters (models IX–XI) we have calculated Raman
spectra of Sen (n = 12) chain (helical Se) and Se8 ring using the
same method and basis set and compared it with the experimental
FT-Raman spectrum of amorphous Se (a-Se) (Fig. 5). The main
bands of Se\Se stretching vibrations of helical Se and Se8 ring were
calculated at 265 and 271 cm−1, respectively. This is slightly higher
than the main Raman band at 250 cm−1 observed in the experimen-
tal Raman spectra of a-Se. However, the calculated Raman modes at
265 and 271 cm−1 are in good accordance with the observed bands
at 259 and 268 cm−1 which are characteristic Se\Se symmetric
bond stretching of Se chain and Se8 ring respectively of selenium
species confined in zeolite matrix [74,75]. Therefore the differences
between the frequency positions of Se\Se stretching vibrations of
calculated Raman spectra of isolated Sen chain and Se8 ring, and the
experimental Raman spectra of a-Se aremainly due to the intermolecular
interaction in the bulk solid.



Fig. 4. High resolution micro-Raman spectra of g-GeSe2 excited with the diode laser
(785 nm) together with the results of curve fitting, performed by using Gaussian
functions.

Fig. 5. Calculated Raman spectra of isolated Sen (n = 12) chain and Se8 ring (HSE06/
LANL2DZ ECP polarized (p,d)) together with the experimental FT-Raman spectra of
amorphous Se (a-Se) excited with near IR laser operating at 1064 nm.
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4. Conclusions

The vibrational properties of GenSem nanoclusters representing
the short- and medium-range order structures of GeSe2 crystal and
“defect” clusters with homopolar Ge\Ge and Se\Se bonds that are
thought to be related to the structural inhomogeneity found in
GeSe2 glass were studied in detail by using ab initio DFT method.

Detailed analysis of the experimental Raman spectra of g-GeSe2
using curve fitting procedure showed the presence of nearly the
same concentration of four- and six-member rings as well as bigger
Ge–Se nanoclusters topologically similar with β-GeSe2 crystal in the
glass structure. Significant contributions of larger even-member
rings (i = 8, 10) were detected.

Although five member rings with homopolar bonds were found to
be energetically more favorable structures describing Ge\Ge and
Se\Se bonds in g-GeSe2 they cannot be unambiguously distinguished
using the Raman spectroscopy due to similar frequency of Ge\Ge
bond stretching vibrations and due to the broadening of the bands
in the region of Se\Se stretching vibrations caused by asymmetric
Ge\Se stretching vibrations.

A detailed study of the influence of synthesis condition and glass
producing technology as well as laser induced transformation effects
on population of different MRO structures in g-GeSe2 are in progress.
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