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Thermal stability of magnetron sputtering Ge—-Ga-S films*
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Ge—Ga-S thin films were deposited by magnetron sputtering with mean coordination number (MCN) ranging from
2.46 to 2.94. The physical properties of the Ge—Ga-S films, including optical band gap, refractive index, and thickness,
vary with the time of heat treatment. Based on the analysis of the topology model, it is concluded that the Ge—Ga-S thin
films with components close to the stoichiometric ratio can form the most Ga—S bonds and Ga—S bonds, and the physical
properties of the Gey73Gag 3S66.3 (MCN = 2.62) film are the most stable. This is an important reference for thin film

photonic devices.
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1. Introduction

Chalcogenide glasses are important amorphous materi-
als, which have good transparency in the infrared region!!!
and high linear?! and nonlinear refractive indexes.>! They are
widely used in the field of infrared optics,*! including op-
tical waveguide,®! optical fiber, all-optical switching,[®! etc.
Sulfur-based films can be used to prepare non-linear optical
devices,!”) optical chips, infrared lasers,®! etc. For many ap-
plications, the preparation of high quality optical thin films
with stable physical properties is an essential step in device
manufacturing. As we all know, when materials are exposed
to light, heat, etc, even in the bulk of the amorphous semi-
conductor (such as chalcogenide) chemical bonds will relax, !
which will lead to changes in physical properties (such as band
gap and energy band), resulting in changes or degradation
in the performance of the manufactured devices.!'” There-
fore, photo or thermally induced changes in chalcogenides
have been the subject of extensive research. Optical band gap
and refractive index, two basic optical parameters, unusually
change with the external energy input in chalcogenide glasses.

The physical properties of chalcogenide glasses are not
only closely related to the glass structure, but also to the
mean coordination number (MCN) as proposed by Phillips.!!!
MCN is the sum of the concentration of each element multi-
plied by their covalent coordination number. The character-
istics of covalent glass network are explained by the theory
of constraint counting. Phillips pointed out that for a three-
dimensional covalent network, when MCN = 2.4, the best
conditions for forming a three-dimensional glass network can
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be formed. Thorpe’s!'?! further development adopts the con-
cept of rigid permeation applied to covalent chalcogenides.
When MCN is less than 2.4, the network structure is flexi-
ble, when MCN is more than 2.4, the network structure is
over-constrained and the stress is rigid. Later, Tanaka!!3!
studied the composition dependence of the structure, elastic-
ity, and electronic properties of chalcogenide glasses, indicat-
ing that additional structural phase transition would occur at
MCN = 2.67, from the two-dimensional structure of materials
with MCN < 2.67 to the three-dimensional structure of materi-
als with MCN>2.67. More and more experimental evidences
show that under these MCN values,!'*! many chemical and
physical properties exhibit threshold behaviors.

In this work, we have prepared seven Ge-Ga-S films
with different compositions by magnetron sputtering. The
composition range of the compounds is from MCN = 2.46
to MCN = 2.94. The evolution of optical properties of these
films after thermal annealing at glass transition temperature
has been studied. The films are annealed in a vacuum oven to
minimize oxidation on the sample surface. Thermal stability
of the Ge—Ga-S thin films is investigated in a relatively wide
composition range. The purpose is to find the compounds with
the most stable optical properties after annealing, and to ex-
plore the relationship between MCN value and the degree of

band gap and refractive index changes.!!”!

2. Experimental details

Ge,GayS93_, glasses were prepared using conventional
melt-quenching technology, with a composition range of x
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from 20 to 45. The as-prepared glasses with a diameter of
50 mm and a thickness of 3.5 mm were polished and then
bonded onto a copper sheet for sputtering. The films with dif-
ferent components were thus prepared on thermally-oxidized
silicon and quartz wafers.

The glass transition temperature of each glass was mea-
sured by DSC. At the glass transition temperature of 20 °C,
the corresponding films were annealed in a vacuum oven for
various durations. For the annealing process, we first put the
Ge—Ga-S film into the oven, and vacuumed it for more than
half an hour with a mechanical pump. Then, we heated up the
film to the target temperature with a heating rate of 1 °C/min,
and maintained this temperature for 1 h, 3 h, 5 h, 15 h, 30 h.
Finally, we cooled down the sample to the room temperature
with the cooling rate of 1 °C/min.

The film compositions were measured using energy dis-
persive x-ray analysis (EDX). A conventional x-ray diffrac-
tometer was used to check the amorphous properties of the
film. Optical band-gap energy (E;) was measured by an UV-
visible—near-infrared spectrometer (Perkinelmer lambda 950),
and the refractive index (n) and thickness of the film were mea-
sured by (IR-Vase Mark 2) variable-incident angle infrared
spectral type elliptic polarization instrument. The composi-
tion, thickness, and corresponding MCN values of the film are
listed in Table 1.

Table 1. Composition, MCN, and thickness of Ge—Ga—S deposited film.

Film composition (Ge/Ga/S) Film MCN  Film thickness/nm

20.0/6.5/74.5 2.46 351
22.5/8.1/69.4 253 344
27.4/7.3/65.3 2.62 507
30.4/8.4/61.2 2.69 289
33.1/7.9/59.0 2.74 242
38.5/8.4/53.1 2.85 450
43.6/6.8/49.6 2.94 488

3. Results and discussion

The ellipticity parameter amplitude ratio (¥) and phase
difference (A) of the thin film are measured with the infrared
ellipsometer.!'®! The measurement angles are 65° and 75°.
Two optical models of silicon dioxide substrate layer and thin
film layer are established. Then the fitting results are made
with the IR-VASE software. The Cauchy dispersion model
is selected for the thin film layer. The Cauchy dispersion rela-
tionship is more suitable for most thin films with weak absorp-
tion or transparency, which can match many films well. The
error of the fitting results can be measured by mean square er-
ror (MSE). One of the film fitting results is shown in Fig. 1,
which is consistent with the experimental value, MSE is 1.9.
The cliff jump of the curve in Fig. 1(b) is caused by the change
of the P light (parallel to the incident plane polarization) disap-
pearing position. The film thickness can be obtained by fitting.

The fitting parameters A, B, C and refractive index can be ob-
tained by Cauchy formula

n(d) =A+B/A%*4+C/A%. (1)
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Fig. 1. Fitting results of ¥ and A for fresh Gey7.4Ga73Sgs5 3 film by the
Cauchy model. Two test angles (65° and 75°) are employed here.

The refractive index of the deposited films as a function
of MCN is shown in Fig. 2. Generally, the refractive in-
dex increases with increasing MCN, except at a narrow range
of 2.62 < MCN < 2.69, where the evolution of the refrac-
tive index exhibits a dip with a minimum value of 1.94 at
MCN = 2.62. This could be due to the transition of the net-
work from 2D rigidity to 3D stress-rigidity at MCN ~ 2.67.

According to the Lorentz—Lorenz relationship,[!”! the re-
fractive index is related to the density of polarizable units,
which can be expressed as

n*—1 4r
—— = —) N;o,; 2
n2+2 3 ; lap,H ( )

where o, ;. is the electronic polarizability and N; is the num-
ber of polarizable units of type i per volume unit. Since the
atomic weight and polarizability of Ge are larger than those of
S, the increase of the refractive index in films with increasing
Ge content (and thus increasing MCN) in Fig. 1 is due to the
increase of the density and polarizability of the films.

Figure 3 is the variation of the refractive index as a func-
tion of the annealing time for the films with different composi-
tions. It can be clearly seen that the evolution of the refractive
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index of the films shows different behaviors. For the com-
pound with 2.46 < MCN < 2.62 (S rich region), the refrac-
tive index increases with the increase of annealing time, and
the smaller the MCN value, the greater the refractive index
change. For the compound with 2.69 < MCN < 2.94 (S defi-
cient region), the refractive index decreases with the increase
of annealing time, and the larger the MCN value, the greater
the refractive index change.
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Fig. 2. Linear refractive index at 1550 nm wavelength for the as-
deposited films as a function of MCN.
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Fig. 3. The relationship between refractive index variation of Ge-Ga—S
film and annealing time.

When the film is deposited under thermodynamic inequi-
librium conditions, more wrong or defective bonds can be in-
duced in the films compared with the bulk glass that is pre-
pared under thermodynamic equilibrium conditions, these de-
fective bonds can be rearranged upon thermal annealing, re-
sulting in a larger refractive index variation of the film. For
the intermediate MCN value, the refractive index difference
before and after annealing is very small. In fact, this suggests
that the films may have fewer defective bonds.

Tauc model is used to calculate the optical band gap of
thin films

ahv = B(hv — Ey)?, (3)

where E; is the band gap energy, B is the slope of the Tauc
side, hv is the photon energy, and / is a constant.

The E; value of the as-deposited film decreases with the
increase of MCN which is evident in Fig. 4. However, when
MCN = 2.62 around the stoichiometric ratio, their band gap
value slightly increases, it can be explained by that more Ga—S
bonds and Ga—S bonds are formed at this time, and the average
bond energy is larger, in agreement with the classical oscilla-
tor model for the dielectric constant in semiconductors!'®! for
which 1/(n* — 1) is proportional to EZ.['")
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Fig. 4. Optical band-gap energy for as-deposited films as a function of
MCN.

The effect of annealing time on Ej is illustrated in Fig. 5.
The evolution of the band gap is obviously divided into two
groups. At 2.46 < MCN < 2.62 (S-rich region), the band gap
decreases after annealing, while at 2.69 < MCN < 2.94 (S-
deficient region), the band gap increases after annealing, and
the change amount of the band gap increases with the anneal-
ing time. At intermediate MCN value, the change in band gap
is the least. this can be explained as follows: when the chem-
ical composition of the region is closer to the stoichiometric
composition, the wrong bond is less likely to occur. According
to Mott and Davies model, the disorder degree of high MCN
and low MCN films prepared under non-equilibrium condition
is higher, so the change of optical band gap caused by anneal-
ing is more obvious. Here, the film with MCN = 2.62 has the
best stability.
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Fig. 5. Relationship between optical band-gap variation and annealing
time of Ge-Ga-S films.
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The thickness of the films changes after annealing. The
film thickness ratio Ad/d is defined as: (annealed minus as-
deposited) divided by as-deposited. The Ge—Ga—S film thick-
ness ratio is shown in Fig. 6. After the heat treatment, the
thickness of the film is reduced, and the longer the anneal-
ing time is, the more the film decreases, and finally becomes
stable. Consistent with the changes of band gap and refrac-
tive index in front, the film with MCN = 2.69 has the small-
est thickness change. It indicates that the low MCN and high
MCN films have greater disorder and instability. The film with
intermediate MCN has the best thermal stability.
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Fig. 6. Film thickness variation as a function of annealing time.

4. Conclusions

In summary, seven Ge—Ga-S films with different compo-
nents were prepared by magnetron sputtering from Ge-Ga—S
bulk glass. After annealing, it can be seen that the evolutions
of optical band gap and refractive index of the films are di-
vided into two different regions. At 2.46 < MCN < 2.62 (rich
S region), the band gap of the film red-shifted and the refrac-
tive index gradually increased with the increase of annealing
time. At 2.69 < MCN < 2.94 (deficient S region), the band
gap blue-shifted and refractive index decreased with the in-
crease of annealing time. Among them, when MCN = 2.62,
the optical band gap, refractive index, and thickness of the film
had the smallest change with annealing time. Therefore, it is

found that the component of Ge,7.4Gag 3S66.3 has the best ther-
mal stability. In addition, according to Tanaka,!'3! the second
phase transition existed at MCN = 2.67, which represents the
topological change from 2D to 3D “stress-rigid” phase. The
experimental results in this paper show that the turning point
is near MCN ~ 2.67, which also verifies the topological the-
ory to some extent. Finally, we believe that the preparation of
thin films under thermodynamic unbalance conditions (mag-
netron sputtering, thermal evaporation, etc.) can reduce the
wrong bonds and defects in the films when the components
are close to their stoichiometric ratios, thus forming films with
good thermal stability.
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