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The structures of pseudo-binary GeS,—Sb, S3, GeS,—CdS, SbyS3—CdS, and pseudo-ternary GeS,—Sb,S3—CdS chalco-
genide systems are systematically investigated by Raman spectroscopy. It is shown that a small number of [S3Ge—GeS3]
structural units (SUs) and -S-S-/Sg groups exist simultaneously in GeS, glass which has a three-dimensional continuous
network backbone consisting of cross-linked corner-sharing and edge-sharing [GeS4] tetrahedra. When Sb;S3 is added into
GeS, glass, the network backbone becomes interconnected [GeS4] tetrahedra and [SbS3] pyramids. Moreover, Ge atoms in
[S3Ge-GeS3] SUs tend to capture S atoms from Sb, S3, leading to the formation of [S,Sb—SbS,] SUs. When CdS is added
into GeS, glass, [Cd4GeSg] polyhedra are formed, resulting in a strong crystallization tendency. In addition, Ge atoms in
[S3Ge-GeS3] SUs tend to capture S atoms from CdS, resulting in the dissolution of Ge-Ge bond. Co-melting of SbyS3
or CdS with GeS; reduces the viscosity of the melt and improves the homogeneity of the glass. The GeS, glass can only
dissolve up to 10-mol% CdS without crystallization. In comparison, GeS,—Sb,S3 glasses can dissolve up to 20-mol% CdS,
implying that SbyS3 could delay the construction of [Cd4GeS¢] polyhedron and increase the dissolving amount of CdS in

the glass.
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1. Introduction

Chalcogenide glasses, which are amorphous materials
based on the chalcogen elements S, Se, and Te alloyed with
group III-V elements such as Ga, Ge, As, and Sb, have
They

have many important optical applications in the infrared
[1,2]

received considerable attention for several decades.
(IR) such as lenses, transmitting fibers,>#! sensors,>~7]
imaging bundles,®° lasers & amplifiers,!'®-'>] nonlinear

waveguides, '3-1%) and diffraction gratings, ")

stemming prin-
cipally from their unique properties of excellent IR trans-
parency, low phonon energy, high linear and nonlinear re-
fractive index, and large photosensitivity. A more attract-
ing characteristic of chalcogenide glass is good solubility for
metal sulfide or halide, which makes it convenient to ad-
just its physical properties for different uses.!'321 For ex-
ample, GeS,—Sb,S3—CdS chalcogenide system has a large
glass-forming region which is mainly situated along the GeS,—
Sb,S3 binary side, and the content of CdS in the glass could
be as high as 30 mol%.!'8] Depending on the composi-
tion, the glass has a glass transition temperature of 293 °C—
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310 °C, a linear refractive index of 1.95-2.43 (np), a den-
sity of 2.99 g-cm™3-3.29 g-cm™> and a micro-hardness of
158.9 kg-mm~2-250.9 kg-mm~2.'8! Besides, the glass has
ultrafast (~ 100 fs) and high third-order optical nonlinear-
ity (x® ~ 8.3 x 10713 esu),!2!] and large electrical/thermal
poling induced second-order nonlinear susceptibility (x(z) ~
9 pm/V).[2?]

It is known that macroscopic physical properties and
microscopic connectivity of the glass network have a close

23241 In order to tune the properties of chalco-

relationship. !
genide glass in a relatively large range, the chalcogenide sys-
tem is expect to be capable of dissolving a high concentra-
tion of modifiers (e.g., metal sulfides, halides, etc.). Hence,
it is necessary to understand the flexibility of the chalco-
genide glass structure and the contributions of constituent el-
ements (or compounds). In this work, the network structures
of pseudo-binary GeS,—Sb,S3, GeS,—CdS, Sb,S3-CdS, and
pseudo-ternary GeS,—Sb,S3—CdS chalcogenide systems are
studied systematically by Raman spectroscopy. Their charac-
teristic Raman bands are compared and analyzed. We aim to
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elucidate the contributions of the glass formers and modifiers
to the network structure, and therefore provide guidance for
tuning glass compositions for different uses.

2. Experimental procedures

The glass-forming region of GeS;—Sb,S3—CdS pseudo-
ternary system!!®! and the compositions investigated in the
present work are shown in Fig. 1. Two pseudo-binary and
three pseudo-ternary glass groups were probed. In addition,
50Sb,S3-50CdS crystalline sample was prepared using a sim-
ilar preparation process for the structure investigations. The
samples were prepared by the melt-quenching technique from
high purity Ge, Sb, and S (5N in purity) and spectral-grade
CdS (4N in purity). The preparation procedure was similar to
that detailed in Ref. [19].

GeS»

0 100 serial 1
serial II
serial IIT
serial IV
serial V

¢ 0.55byS30.5CdS

60 80 100 Cds

SbyS3
Fig. 1. (color online) Glass-forming region of GeS;—Sb,S3;—CdS

pseudo-ternary system!'®! and compositions investigated in this work.
Series I: (100 — x)GeS, - xSb,S3; Series II: (100 — x)GeS, - xCdS; Se-
ries III: (100 — x)(0.7GeS;-0.3Sb,S3) - xCdS; Series IV: 60GeS,-(40 —
X)SbyS3 - xCdS; Series V: (100 — x) (0.9GeS;-0.1CdS)-xSbyS3. The
lines are drawn as guides for the eye.

The Raman spectra were measured at room tempera-
ture by a Raman Spectrometer (Renishaw RM-1000) in back
(180°) scattering mode. An He—Ne laser (632.8 nm) was used
as the excitation. To avoid laser damage to the sample and
local crystallization of the glass, the laser power was prop-
erly under an approximate level of about 2 mW. The resolu-
tion of the Raman spectra was 1 cm~!. Powder x-ray diffrac-
tion (XRD) patterns were recorded using a Rigaku D/max-RB
diffractometer with Cu-K« radiation. The operating voltage
was 40 kV and the current was 50 mA.

3. Results and discussion

For each of the investigated glasses, no evident vibra-

tional band in a region of 600 cm~!-3000 cm™! is found in the
1

1

Raman spectra, and therefore only the data below 600 cm™
are presented. Besides, the Raman bands below 150 cm™
are complicated and difficult to accurately identify, hence
they will not be discussed in the following text.
studies indicated that the Raman spectrum measured directly

Previous

from the spectrometer could not reflect the pure structural

changes and must be corrected to temperature and frequency
factors. The corrected spectrum was defined as reduced Ra-
man spectrum. 2321 The reduced Raman intensity (%) is di-
rectly proportional to the intrinsic molar scattering factor and
it can be obtained from the experimentally measured one (/°*P)
by using the following equations: 2>-26]

o) = (o — 0) *on(w,T) + 1] 1™ (w), (1)
n(®,T) = [exp(ho/kgT) — 1], )

where @ is the Raman shift in unit cm™', oy is the wavenum-
ber of the incident radiation, 7T is the absolute temperature, i
is the Planck constant, and kg is the Boltzmann constant. For
distinguishing overlapped vibrational bands, the reduced Ra-
man spectrum is deconvoluted into a series of Gaussian sub-
bands[?7! which are ascribed to specific vibrations of the struc-
tural units (SUs).

3.1. GeS,-Sh,S; pseudo-binary system

Figure 2 shows the Raman spectra of series I: (100 —
x)GeS, - xSbyS3 (x =0, 10, 20, 30, and 40) samples. Table 1
summarizes the assignments of the Raman shifts. After Sb,Ss3
is added into GeS, glass, three evident changes are observed:
(i) the small band at 256 cm~! disappears, and a broad band at
around 170 cm~'-200 cm~! emerges; (ii) two new bands cen-
tered at 290 cm~! and 314 cm ™! appear, and their intensities
increase with increasing Sb,S3 content; (iii) the intensities of
340, 372, 400, and 430 cm~! decrease with increasing Sb,S3
concentration.

Previous studies on the structure of vitreous GeS»
dicate that in the GeS, glass, the basic SUs are corner-sharing
and edge-sharing [GeS4] tetrahedra which are connected
through bridging sulfur atoms to form a three-dimensional net-
work. The bands at 150, 340, 372, 400, and 430 cm~! are
associated with the vibrations of [GeS4] tetrahedra and their
assignments are listed in Table 1. It should be pointed out that
the weak band at 150 cm™! is usually difficult to accurately
detect using normal Raman spectrometer, and therefore it is
generally seldom considered in spectral analyses. Besides, the
290 cm~! and 314 cm~! bands are considered to be associated
with the stretching vibrations of [SbS3] pyramids with differ-
ent connection styles (e.g., corner-sharing and edge-sharing
pyramids). [31,34,35,43]

The measured Raman spectrum of GeS; (see Fig. 2,
x = 0) shows that a small number of [S3Ge-GeS3] SUs
(256 cm™!) and -S-S-/Sg ones (475 cm™!) exist simultane-
ously in this stoichiometric composition. The former is be-

(421 -

cause of the S deficiency whereas the latter is due to the S
excess. This contradictory phenomenon could be caused by
the local compositional fluctuations during the glass synthe-
sis (influenced by melting temperature, time, quenching rate,
etc.)*+*] mainly because of the high viscosity of the GeS,
melt. After SbyS3 is added, stoichiometric Ge—Sb-S glass is
formed. Compared with Sb, Ge is very likely to bond to S in
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Fig. 2. (color online) Raman spectra of (100 —x)GeS; - xSb,S3 pseudo-
binary samples.

Table 1. Raman shifts and assignments in GeS,—Sb,S3 glasses.

Raman shif/em™!  Assignments References
150 bending mode of [GeS4] [28], [29]

170 vibration of [S;Sb-SbS;] [30], [31]

200 vibration of [S,Sb=-GeS3] [32]

256 vibration of [S3Ge-GeS3] [32], [33]

290 stretching mode of [SbS3] [31], [34]

314 stretching mode of [SbS3] [311, [34], [35]
340 symmetrical stretching mode

311, [34], [36], [37
of corner-sharing [GeS4] [31]. [341, [361. 1371

372 stretching'mode of (321, [38]
edge-sharing [GeS4]

400 asvymmetrlcal ?tretchlng mode (28], [39]
of corner-sharing [GeS4]

430 stretching.mode of (38]. [40]
edge-sharing [GeS4]

475 vibration of -S-S-bridging

. [41]
groups and/or of Sg ring

the glass because of the higher bond energy of Ge—S than Sb—
S.[0] This is similar to the situation in Ge—As—S—Se glass,
where Ge has the priority to capture S over As.!*’! For this
reason, the local compositional fluctuation is more likely to
lead to the formation of [S,Sb—SbS,] SU (170 cm’l) instead
of [S3Ge-GeS3] (256 cm_l) ones, as shown in Fig. 2 (x =0,
x = 10). Simultaneously, some [S;Sb—GeS3] SUs (200 Cm’l)
are also formed as indicated in Fig. 2 (x = 10-40). On the
other hand, co-melting of SbyS; with GeS;, reduces the vis-
cosity of the melt and improves the homogeneity of glass, re-
sulting in the decrease of -S-S-/Sg groups in network. With the
addition of Sb,S3, the [SbS3] pyramid is formed in structure,
and its concentration increases with increasing Sb,S3 amount
as indicated in Fig. 2 (x = 0-40). Concurrently, the concen-
tration of [GeS4] tetrahedra deceases after Sb,S3 has been in-
troduced into GeS; glass, leading to the intensity decrease of
corresponding Raman bands as indicated in Fig. 2 (x = 0-40).

3.2. GeSy—CdS pseudo-binary system

Figure 3 shows the Raman spectra of series II: (100 —
x)GeS, - xCdS (x = 0, 5, and 10) samples. The addition of
CdS into GeS; glass former leads to two distinct changes in
the Raman spectra. First, an additional weak band situated at
202 cm~! emerges and its intensity increases with further ad-
dition of CdS. This band was not reported before. To identify
the ascription of this band, the Raman spectrum of commer-
cial crystalline CdS (99.99%, powders) is first measured (see
Fig. 4). A band situated at 210 cm™! is observed, express-
ing a little difference of location. Considering that the sample
with 15-mol% CdS is crystalline and the crystalline phase is
CdsGeSg according to the XRD pattern (see Fig. 5(a)), we syn-
thesize the crystalline Cd4GeS¢ by melting the mixed raw ma-
terials with a composition molar ratio of Cd: Ge:S=4:1:6
and measure its Raman spectra (see Fig. 5(b)). It can be seen
that the band situated at 202 cm™! has a good accordance
with a band relating to the vibration of crystalline Cd4GeSe.
This implies that [Cd4GeSg] polyhedral could be formed in
the 95GeS;,-5CdS and 90GeS,-10CdS glasses. The appear-
ance of [CdsGeS¢] polyhedra foretells a strong crystallization
tendency of GeS,—CdS system. The destructive effect of CdS
on the original GeS; glass network is severe, and this explains
why GeS; can dissolve only 10-mol% CdS, '8! while the glass
can contain up to 90-mol% Sb;S3. The second change in the
Raman spectra is the dissolution of the band at 256 cm™!
with the addition of CdS. It disappears due to the dissocia-
tion of metallic Ge—Ge bonds. Sulfur brought in with CdS can
compensate for the sulfur deficiency resulting from the local
compositional fluctuation and therefore convert [S3:Ge—GeS3]
SUs into [GeS4] tetrahedra. On the other hand, CdS acts as
a network modifier and tends to break some connections of
[GeS4] tetrahedra. In this case, non-bridging sulfurs (NBS)
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are formed, and the Cd?™" ions act as charge compensators for
them. It is worth mentioning that Raman spectra mainly de-
tect network structure of the glasses, however, Cd** does not
enter into the glass network, therefore the Raman spectra are
not expected to show significant intensity changes of the bands
associated with vibrations of [GeS4] tetrahedra as indicated in
Fig. 3. The weak band at around 475 cm™! generally disap-
pears, which indicates that co-melting of CdS with GeS; may
also reduce the viscosity of the melt and improves the homo-
geneity of glass, resulting in the decrease of -S-S-/Sg groups

in network.
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Fig. 3. (color online) Raman spectra of (100 — x)GeS, - xCdSpseudo-
binary samples in the region of 100 cm~'-600 cm™!.
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Fig. 4. (color online) Raman spectrum of crystalline CdS in the region
of 100 cm~'-1000 cm~!.
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Fig. 5. (color online) (a) The XRD patterns of samples in (100 —
x)GeS; - xCdS pseudo-binary system; (b) Raman spectrum of crystalline
Cd4G€Sﬁ.

3.3. SbS3—CdS pseudo-binary system

In order to judge whether new phase or SU could be
formed in SbyS3—CdS alloy, we synthesize the sample with
50Sb,S3-50CdS composition using the same melt-quenching
procedure described above. The sample is opaque, and shows
a lead-gray color and metallic luster. Its XRD pattern is shown
in Fig. 6. Only characteristic peaks of crystalline Sb,S3; and
CdS are found, indicating that no new phase is formed.

] ZSbQSg
0 :CdS

Intensity/arb. units

20/(°)

Fig. 6. XRD pattern of 50Sb,S3-50CdS sample.

The Raman spectra of 50Sb,S3-50CdS sample and crys-
talline Sb,S3 are presented in Fig. 7. Two similar but not
identical spectra of 50Sb,S3-50CdS sample are detected from
different positions on the sample, showing its inhomogeneity
and the occurrence of phase separation. Comparing them with
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those of crystalline SbyS3 and CdS, no new band is found, in-
dicating the absence of new formed SU.

. crystalline SbaS3
crystalline
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Fig. 7. Raman spectra of 50Sb,S3-50CdS sample, with the insert show-
ing the Raman spectrum of crystalline Sb,S3.

3.4. GeS2—-Sh2S3—-CdS pseudo-ternary system

Figure 8 shows the Raman spectra of the series III: (100 —
x)(0.7GeS;,-0.3SbyS3) - xCdS samples. With the addition of
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Fig. 8. (color online) Raman spectra of (100 — x)(0.7GeS;-0.3Sb,S3)-xCdS
pseudo-ternary system in the region of 100 cm~!-600 cm~!.

CdS into 0.7GeS,-0.3Sb,S3 glass, two visible variations are
observed: (i) the intensity of the 170-cm™! band decreases
(x=10) and even disappears (x > 20), meanwhile, a new band
at 202 cm ™! appears, and its intensity increases with increas-
ing CdS concentration; (ii) the intensity of 290-cm~! band
increases, while that of 314-cm~! band decreases, however
the sum of the two intensities does not change significantly.
To understand these variations, the role of CdS in the glass
structure needs to be clarified. Additional sulfur comes with
the addition of CdS. Considering that Cd** tends to acts as a
charge compensator, there are sufficient sulfur atoms for Ge
and Sb atoms to bond with. In this case, [S;Sb—SbS;] SUs
do not form any more. Furthermore, Cd?* does not enter into
the glass network, thus the Raman spectra are not expected to
show significant concentration changes of [GeS4] and [SbS3]
network formers. Instead, the connection styles of the network
formers may change due to the influence of CdS addition. This
accounts for the intensity variations of the 290-cm~! and 314-

cm~ ! bands.
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Fig. 9. (color online) Raman spectra of 60GeS;-(40 — x)Sb,S3 - xCdS
pseudo-ternary system in the region of 100 cm~'-600 cm~!.
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Fig. 10. (color online) Raman spectra of (100 — x) (0.9GeS,-0.1CdS)-xSb,S3
pseudo-ternary system in the region of 100 cm™'-600 cm~!.

Figure 9 shows the Raman spectra of the series IV:
60GeS;-(40 — x)Sb,S3 - xCdS samples. With increasing re-
placement of Sb,S3 by CdS, the intensities of 2900-cm~! and
314-cm~! bands decrease because of the reduced number
of [SbS3] pyramids in the structure. When more than 20-
mol% Sb,S3 is substituted by CdS, three new bands at 202,
236, and 390 cm™! emerge, and their intensities are enhanced
with increasing CdS content. These three bands are all re-
lated to the vibrations of [Cd4GeSg] polyhedra according to
Fig. 5(b). When the CdS concentration is more than 20 mol%,
the 202-cm~! and 390-cm™! bands become sharper, indicat-
ing the formation of crystalline CdsGeSg. Compared with
the GeS,—CdS pseudo-binary system where [CdsGeSg] poly-
hedra are formed when CdS content is more than 10 mol%,
the GeS,—Sb,S3—CdS pseudo-ternary system does not con-
tain [Cd4GeSg] polyhedra until CdS concentration reaches
20 mol%. This indicates that the constituent Sb,S3 delays
the construction of [CdsGeSg] polyhedron in the glass. Fig-
ure 10 shows the Raman spectra of the series V: (100 — x)
(0.9GeS,-0.1CdS)-xSbrS3 glassy samples.
that the 202-cm~! band disappears when more than 20-mol%

It can be seen

Sb,S3 is added into 0.9GeS,-0.1CdS glass, proving again that
Sb,S3 is able to delay the construction of [CdsGeS¢] polyhe-
dron.

4. Conclusions and perspectives

GeS, glass has a three-dimensional continuous network
structure which consists of cross-linked corner-sharing and
edge-sharing [GeS4] tetrahedra. A small number of ethane-
like [S3Ge—GeS3] SUs and -S-S-/Sg groups also exist simul-
taneously in the structure probably due to local composition
fluctuations. When Sb,S3 is added into GeS; glass, [SbS3]
pyramids are formed. In addition, Ge atoms in [S3Ge—GeS3]
SUs are likely to capture S atoms from Sb,S3, leading to the
formation of [S,Sb—SbS,] SUs. The network backbone of the
GeS,—Sb;,S3 glass consists of interconnected [GeS4] tetrahe-
dra and [SbS3] pyramids. When CdS is introduced into GeS;
glass, [CdsGeSg] polyhedra are formed. This glass can dis-
Beside,
Ge atoms in [S3Ge—GeS3] SUs tend to capture S atoms from

solve up to 10-mol% CdS without crystallization.

CdS, resulting in the dissolution of the SUs. Co-melting of
SbyS3 or CdS with GeS, can reduce the viscosity of the melt
and improves the homogeneity of glass, leading to the disap-
pearance of -S-S-/Sg groups in local structure. When CdS is
added into GeS,—Sb,S3 glass, the network structure of the re-
sulting glass does not change significantly. Compared with
GeS; glass, GeS,—Sb,S3 glass can dissolve up to 20-mol%
CdS, suggesting that SbyS3 could delay the construction of
[Cd4GeSe] polyhedron.
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