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We deposited Ge28Sb12Se60 chalcogenide films using either thermal evaporation or radio-frequency mag-
netron sputtering techniques, and then measured their structural and optical properties using various
diagnosis tools. The refractive indices of the films were obtained from the transmission spectra based
on Swanepoel method, and the optical band gaps were derived from optical absorption spectra using
the Tauc plot. Raman and X-ray photoelectron spectra (XPS) were measured and decomposed into several
peaks that correspond to the different structural units, and then the evolution of the relative concentra-
tions of the structural units was investigated in order to build up the correlation between the structure
and optical properties of the films. It was found that, the films generally possess a large number of Ge2Se6/2,
Sb2Se4/2 units and Se–Se bonds, and therefore are relatively higher defective compared with their bulk
counterpart. This together with the modification of the chemical compositions results in a higher refrac-
tive index as well as a smaller optical band gap in the films. Thermal annealing of the deposited films
could convert the optical and structure properties of the films close to those of bulk glass.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Chalcogenide glasses have been studied for decades owing to
their unique photosensitivity, wide transparency window, high lin-
ear refractive index, and tunable material properties through com-
positional tailoring [1–3]. Being photonics materials, chalcogenide
glasses are also very promising due to their striking ultrafast re-
sponse and large third-order nonlinearity. Whilst the optical proper-
ties of some binary chalcogenide compositions such as AsxS1�x and
AsxSe1�x have been well studied [4–6] and improved processing
methods have been applied to As2S3 films to produce waveguide de-
vices with high performance [7–9], recent results have shown that
the ternary or quaternary compounds could have better properties
for the application in photonics [10]. This has been demonstrated
in Ge–As–Se-based waveguide devices [11,12]. However, elemental
arsenic is toxic and this makes it environmentally unacceptable as a
constituent both during manufacturing and for photonic devices
that are likely to be discarded after use [13], such as sensor chips.
As a result alternative network formers are essential.

One interesting opportunity is to substitute antimony for ar-
senic. Compared with As, Sb has a larger polarizability and this
should lead to large linear and nonlinear refractive indices param-
eters that are important for photonics. Whilst the glass forming re-
ll rights reserved.
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gion of Ge–Sb–Se glasses has been studied, in general, the ternary
glasses such as Ge–Sb–Se have attracted much less attention than
the binary compositions and, therefore, few of their optical proper-
ties are known especially in the Ge–Sb–Se films. Understanding
structure and optical properties in the films is essential since most
of the devices need to be integrated in the formation of the films.

In principle, thin chalcogenide films can be created by either
thermal evaporation (TE) [14], RF-sputtering (RF) [4], pulsed laser
deposition (PLD) [15], sol–gel process (SC) [16], or chemical vapor
deposition (CVD) [17]. While some of the recent works [18,19]
investigated the effect of the composition and heat treatment con-
ditions on the optical and electrical properties of the glasses, few
attention were paid to the different structure and optical proper-
ties of Ge–Sb–Se films created by different deposition methods.
Certainly this is important to improve the film deposition tech-
nique and is prerequisite to fabricate optical waveguide with
excellent performance. We therefore deposited Ge28Sb12Se60 thin
films deposited by TE and RF techniques and investigated their
structure and optical properties. The reasons we choose these
two deposition methods are due to their relative simplicity, easy
control and ability to deposit high quality films over large areas.
2. Experiments

Homogeneous Ge28Sb12Se60 glasses were obtained by conventional melt-
quenching technique using high-purity Ge, Sb, Se (all of 5 N) as raw materials. All
the elements were weighted in appropriate amounts, placed in quartz ampoules,
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evacuated to 10�3 Pa and finally sealed. The quartz ampoules containing the mix-
tures were heated at 900 �C for 12 h in rocking furnaces to ensure the homogeniza-
tion. Then, the ampoules were quenched in water, swiftly moved to a preheated
furnace to anneal at 10 �C below Tg for 4 h to minimize inner tension induced by
a quenching step. The bulk sputtering target was obtained from glass rods in the
form of cylinders with 50 mm in diameter and 3 mm in thickness.

The Ge28Sb12Se60 films were deposited onto glass slide substrates. Before the
substrates were loaded into the chambers, they were cleaned in an ultrasonic bath,
rinsed in alcohol, dried with dry air. The chamber was evacuated down to approx-
imately 1 � 10�4 Pa. Prior to the deposition, the rotated substrates were irradiated
by an Ar+ beam with an energy of 20 eV for 5 min to improve adhesion of the films
to the substrates. During thermal evaporation deposition, the current on a tantalum
boat containing the powdered target glass was monitored, until the evaporation
rate reached 2 nm/s. The RF sputtering films were deposited at an operating argon
pressure of 0.2–3 Pa and a RF power of 20 W. Thermal annealing was performed at
290 �C (below the glass transition temperature) for 2 h at a base pressure of
2 � 10�4 Pa.

The atomic ratios of the target and films were analyzed by electron dispersive
spectrometry (EDS) equipped in a Tescan VEGA 3SBH scanning electron micro-
scope (SEM). The thickness of the film was examined by a surface profiler (Veeco
Dektak 150). The transmission spectra of the studied films were measured using
the spectrophotometer (Perkin Elmer Lambda 950), and then the refractive indices
were calculated using Swanepoel method. The refractive index of the bulk glass
was measured by a prism coupler (SAIRON SPA4000). XPS spectra of these bulk
glasses were collected using an AXIS UTLTRADLD system under a vacuum of
10�7 Pa, using monochromatic Al Ka X-rays (1486.6 eV) at a power of 450 W as
the excitation source. An energy increment of 0.05 eV was used for recording
the core level spectra. Carbon was selected as the internal reference and the bind-
ing energies of the C 1s line were referenced at 284.8 eV. Raman spectra of the
bulk glass and films were recorded using a confocal microscopic Raman spectrom-
eter (Renishaw inVia) with a 785 nm exciting source at 0.25 mW. In order to avoid
any damage induced by laser irradiation, the measurements were performed
within 10 s at 10 accumulations.

3. Results

The SEM images of cross-sectioned Ge–Sb–Se sputtered and TE
films are shown in Fig. 1. The thicknesses of the as-deposited TE
and RF film derived from cross-sectioned images is 2.04 and
1.12 lm, respectively, which is in excellent agreement with the
surface profiler measurements that show a respective thickness
of 2.0198 lm and 1.1079 lm. It is also noted that both the pre-
pared layers are smooth without any defects and pores. More-
over, the presence of column-like structure that is typical for
sputtering process was almost completely depressed by the selec-
tion of appropriate experimental conditions [20]. On the other
hand, the chemical composition of the bulk glass, TE and RF-sput-
tered films was measured and the results were summarized in
Table 1. Compared with the bulk glass, the composition of the
TE film showed a slight variation in the Ge/Sb ratio while the
RF sputtered film presented a composition identical to that of
the parent bulk glass.

The UV–Vis–NIR transmission spectra of the as-deposited and
annealed films are presented in Fig. 2. A periodic variation as a
function of wavelength in the transmission spectra is observed,
which is due to the interference between multiple reflections at
the two surfaces of the film, indicating that all the films are homo-
geneous in terms of the thickness. On the other hand, it is evident
from Fig. 2 that the position of the absorption edge of films shifts to
shorter wavelength due to thermal annealing.

The refractive index (RI) and thickness of films was extracted
from their transmission spectra, as was suggested by Swanepoel
[21]. According to Swanepoel’s method of creating the upper and
lower envelopes of the transmission spectrum with interference
fringes, the refractive index was calculated by the following
equation.

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðN2 � n2

s Þ
qr

ð1Þ

where

N ¼ 2ns � ðTM � TmÞ=ðTMTmÞ þ ðn2
s þ 1Þ=2 ð2Þ
Here TM and Tm are the transmission maximum and the correspond-
ing minimum at a certain wavelength. The necessary value of the
refractive index of the substrate, ns, obtained from the transmission
of substrate at the wavelengths (Ts), using the equation:
ns ¼ 1=Ts þ ð1=T2
s � 1Þ1=2 ð3Þ

In order to compare the results of the films with that of bulk
glass, the dispersion curve of refractive index for the bulk glass
was measured using a prism coupler, and the refractive indices va-
lue of films and bulk glass was further fitted using the Cauchy dis-
persion relationship of nðkÞ ¼ Aþ B=k2 þ C=k4, where n is refractive
index, A, B and C are the fitting constants, and k is wavelength. All
the result was shown in Fig. 3, from which it is clear that the index
of both films is higher than that of the bulk glass and that the index
of the TE film is higher than that of the RF film. On the other hand,
compared with that of as-grown films, there is a decrease in refrac-
tive indices of the annealed films. Considering the stoichiometric
and thickness modifications of the films were not apparent during
annealing process, the slight decrease of refractive index (RI) dur-
ing thermal annealing processes could be due to the rearrange-
ment of the chemical bonds that has been demonstrated by Kincl
and Tichý [22].

The band gap of the films was derived from the Tauc plot as
shown in Fig. 4, the optical gap can be derived from the intersec-
tion of linear fitting line with the energy axis. The obtained optical
gap of RF film is lower than that of the TE film. However, both of
them are very close to the bandgap of the bulk glass at 1.62 eV
[23]. It is also noted that thermal annealing can blue-shift the
bandgap in both films.

For Se-rich Ge–Sb–Se ternary system, a well-accepted structural
model involves tetrahedral GeSe4/2 and pyramidal SbSe3/2 units
cross-linked by Se-chain fragments in a stochastic fashion. How-
ever, Se-chain fragments could be consumed out in Se-poor
glasses, and this could induce homopolar Ge–Ge, Sb–Sb or Ge–Sb
bonds. In order to unravel the structural origins of the change of
the physical properties, we measured Raman spectra of the bulk
glass and films as shown in main panel of Fig. 5. A dominant fea-
ture, centered around 200 cm�1, is formed evidently by overlap-
ping of other three bands at 190, 202 and 218 cm�1, which
correspond to the E1 mode of SbSe3/2 pyramids (PYR), A1 vibrations
of the corner-sharing (CS) GeSe4/2 tetrahedra and A0

1 breathing
vibration of edge-sharing (ES) Ge2Se2Se4/2 bi-tetrahedral respec-
tively [24–26]. Another band located in the high wavenumber re-
gion of 250–300 cm�1 with low-intensity may be attributed to
several vibration modes, including the A1 modes of vibration of
the homopolar Se–Se bond (in dimers) and the Ge–Ge bonds in
modified Ge–GemSe4�m (m = 1,2,3,4) structural unit [27,28]. In
addition, an obvious shoulder at 170 cm�1 is due to the stretching
vibration modes of the Ge–Ge and Sb–Sb bonds in ethane-like
(ETH) structure [24,27]. The assignments and their origins are
summarized in Table 2 and a typical deconvolution of Raman spec-
trum based on these assignments is presented in an inset of Fig. 5.
The ratio of the integrated area of each peak to that of total spec-
trum is shown in Fig. 6.

Furthermore, in order to clarify the discrepancies between the
structure of bulk glass and that of thin films, we measured core-
level XPS spectra and investigated the local chemical surroundings.
Figs. 7 and 8 show Ge 3d, Sb 4d and Se 3d spectra for the bulk glass,
fresh and annealed films, and their deconvolution, respectively. Ge
3d spectra can be well fitted using two pairs of the peaks that cor-
respond to two different environments [29]. The major pair posi-
tioned on the high-energy side is associated with GeSe4/2

tetrahedra, while the minor pair at lower energy could be assigned
to the deformed tetrahedral where one or two of the chalcogen
atoms could be substituted by Ge or Sb atoms [30]. On the other
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Fig. 2. Optical transmission spectra of the as-grown TE and RF-sputtered films. The
insert figures are the enlarged transmission edges of as-deposited (solid line) and
annealed (dot lines) RF-sputtered and TE films, respectively.
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Fig. 4. The determination of the optical gaps using Tauc’s plots of the strong
absorption data for the TE and RF-sputtered films.

Fig. 1. Scanning electron microscopic images of cross-sectioned Ge–Sb–Se TE (left) and RF-sputtered (right) films.

Table 1
Chemical composition (±1 at.%) of Ge–Sb–Se Bulk, TE and RF-sputtered films.

Elements Bulk (at.%) TE films (at.%) RF-Sputtered films (at.%)

Ge 28.67 25.86 27.55
Sb 12.77 15.49 12.91
Se 58.56 58.65 59.54
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hand, the primary component (4d5/2) at 33.45(±0.05 eV) in Sb 4d
spectra is due to Se–Sb–(Se)2 pyramidal structure, while another
doublet at lower energy is ascribed to the deformed pyramidal that
one Se atom is replaced by Ge or Sb. All the fitting parameters
including the binding energy (BE), full width of half maximum
(fwhm), and the ratio of the integrated area of the individual peak
to that of the total spectrum (R) are summarized in Table 3.

4. Discussion

Let us start from the chemical compositions of the bulk and the
films. As shown in Table 1, TE film has a 3% higher concentration of
Sb and a 3% lower of Ge while the RF film keep a good stoichiom-
etry compared with the bulk glasses. This could be an important
factor to account for the difference in the physical properties be-
tween the films and bulk glass. Recent investigation has shown
that the refractive index and density increases with increasing Sb
and decreasing Ge concentrations in Ge–Sb–Se bulk glass [31]. This
is in consistent with our present results where the TE film has a
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large refractive index compared with the bulk due to the difference
in their chemical compositions. However, it should be noted that
the different structure could also contribute to the difference in
the physical properties between the films and the bulk, which will
be discussed later.

While the composition in the RF film is almost identical to that
in the bulk, it is ideal system to compare their bandgap and ther-
mal annealing behaviors. The band gap in the fresh RF film is at
1.589 eV and shifts to 1.605 eV upon thermal annealing that be-
comes close to that in the bulk glasses (1.62 eV). This provides
clear evidence that thermal annealing is an effective way to accel-
erate the structure relaxation into more stable bulk-like structure
[5,14,32]. The bandgap in the TE film is slightly larger than that
in the bulk, and this could be mostly due to the difference in their
chemical compositions. Nevertheless, thermal annealing still can
slightly blue shift the bandgap as shown in Fig. 4.

In accordance with previous studies [5,14], film deposited di-
rectly onto a cold substrate is formed in non-equilibrium condi-
tions and therefore a highly disordered structure compared with
the bulk glasses. Appropriate thermal treatment can then be used
to convert the film into a more chemically or mechanically opti-
mized structure. As a result, the annealing process leads to the
variation in properties, which are more similar to those of the
bulk glass, including a blue shift of the band gap in Fig. 4 and a
reduction in the refractive index in Fig. 3. The structural origin
could be due to the partial removal of homopolar bonds and a
corresponding increase in the ES, CS and PYR units in the films
[33], and this will be further confirmed from our Raman and
XPS data.

Fig. 6 provides clear evidence that, the amount of the relative
ratios of Sb–Sb and Ge–Ge in the films could have up to 1%
Table 2
Assignments of some vibrational modes seen in the Raman spectrum o

Raman shift (cm�1) Assignment

160 cm�1 Sb–Sb bonds vibration modes of
170 cm�1 Stretching vibration modes of th
190 cm�1 E1 mode of [SbSe3/2] pyramids
200 cm�1 m1 Symmetric stretching mode o
215 cm�1

A0
1 Breathing vibration of edge-s

250 cm�1 Se–Se bond
270 cm�1 Ge–Ge bonds vibration modes o
300 cm�1 F2 asymmetric vibration modes
difference compared with that in the bulk glass, the concentrations
of these structural units indeed decrease upon thermal annealing.
However, the contents of PYR, CS and ES structural units are com-
plicated: PYR contents in TE films are larger than that in bulk and
RF films, mainly due to the large Sb concentration in the TE films.
Most interestingly, CS concentrations in all the films are less while
ES concentrations are higher than that in the bulk glass. This im-
plies a direct conversion of the CS into ES species in the tetrahedral
backbone of network upon thermal annealing. Such a conversion is
reasonable since the formation of ES species is most economical
way to consume Se atoms in Se-poor Ge28Sb12Se60 glasses.

The deconvoluted results of XPS spectra in Table 3 gives addi-
tional evidence that the concentrations of the homopolar Ge–Ge
and Sb–Sb bonds decrease upon thermal annealing. The relative
ratio of Sb–Se3 (PYR) structure is 62% and increases to 65% upon
thermal annealing in the RF film, and this is 72% and increases to
74% in the TE film. Such a trend of the change is in excellent
agreement with that in Fig. 6, in which however we should
emphasis that the relative ratios in both Fig. 6 and Table 3 are
not equal to the absolute concentrations, and therefore only re-
flect the relative change of each structural unit. The relative ratios
of Ge–Se4 structure in the TE films in Table 3 is 90% that is rela-
tively larger compared with that in the RF films and bulk glasses.
The reason could be due to the slight oxygen contamination in
the TE film. However, Sb or Se related XPS spectra are not affected
by the contamination since Ge has the strongest oxidisation abil-
ity amongst these three elements. The oxidation behavior nor-
mally only appears in the surface of the films that happens to
be the sensitive limit of XPS method (around 30 nm on the sur-
face) [34], and cannot be observed in Raman spectra as well as
physical properties measurements.

Finally, Se–Se bonds were found in all the films and bulk glasses
which is in agreement with the previous works [33], and thermal
f Ge28Sb12Se60.

Refs.

[Se2Sb–SbSe2] [26]
e Ge–Ge bonds in [Ge2Se6/2] structure [23]

[24,25]
f [GeSe4/2] tetrahedra [23]

haring (ES) [Ge2Se2Se4/2] bi-tetrahedral [23]

[27]
f [Ge–GemSe4�m (m = 1,2,3,4)] [26]
of [GeSe4] tetrahedra [31]
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annealing can reduce the concentrations of Se–Se bonds in the
films as shown in Table 3. This also is reflected by increasing
GeSe4/2 concentrations in as well as Table 3, indicating that the
broken Se–Se bonds can be reconnected with Ge, forming stable
GeSe4/2 structural units.



Table 3
The decomposed parameters for XPS Ge, Se 3d5/2 and Sb 4d5/2 spectra. BE/W/R represents the binding energy (eV), full width of half maximum (eV), and the ratio of the integrated
area for different structural units, respectively.

Ge–Se4 (Ge,Sb)–Ge–Se3 Sb–Se3 (Ge,Sb)–Sb–Se2 (Ge,Sb)–Se–Se (Ge,Sb)–Se–(Ge,Sb)
BE/W/R (%) BE/W/R (%) BE/W/R (%) BE/W/R (%) BE/W/R (%) BE/W/R (%)

Bulk glass 30.79/0.89/77 30.25/0.80/23 33.24/0.83/68 32.64/0.89/32 54.21/0.80/27 53.77/0.79/73
As-dep. RF film 30.90/0.79/73 30.33/0.74/27 33.42/0.73/62 32.98/0.85/38 54.14/0.78/30 53.73/0.78/70
Annealed RF film 30.85/0.79/75 30.35/0.71/25 33.46/0.79/65 32.90/0.81/35 54.13/0.76/28 53.72/0.77/72
As-dep. TE film 30.80/0.78/89 30.22/0.70/11 33.43/0.80/72 32.99/0.89/28 54.13/0.79/28 53.69/0.79/72
Annealed TE film 30.95/0.71/90 30.34/0.70/10 33.38/0.78/74 33.00/0.9/26 54.14/0.78/26 53.68/0.78/74
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5. Conclusion

Chalcogenide Ge28Sb12Se60 films with composition close to the
glassy target were successfully deposited on glass slides at room
temperature by TE and RF-sputtering methods. The deposited lay-
ers were further characterized by analyzing their morphology,
chemical composition, optical functions, and structure. While the
difference in chemical compositions between the bulk glass and
the films induces the different physical properties, our detailed
structural analysis through Raman and XPS spectra indicated that
thermal annealing is indeed an effective way to modify the film
structure through a conversion of a pair of corner-shared GeSe4/2

tetrahedra into an edge-sharing configuration via bond switching,
as well as a reduction in the density of homopolar bonds.
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