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Present study reports about structural and optical changes under UV exposure (i-line,                

g-line) on thermally evaporated amorphous Ge6As38Se56 chalcogenide thin-film. 

Determination of linear optical absorption and linear refractive index is done using optical 

transmission spectra. Nonlinear refractive index is determined using semi-empirical 

relation. Changes in optical properties upon UV exposure are understood in terms of 

structural changes using Raman and XRD measurements. To understand the usability of 

investigated composition in the context of optical/photonic applications, the study is 

compiled with previous literature.  
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1. Introduction 
 

Optical/photonic components fabricated using amorphous chalcogenide (a-chalcogenide) 

compositions typically require engineering of linear/nonlinear optical properties as desired by the 

context of an application. Due to photosensitive nature of a-chalcogenides, photo-treatment is 

among one of the highly applicable and widely used techniques to bring crucial transformations in 

the optical properties of these materials. Structural flexibility and high-lying lone pair p states in 

valance bonds are the basic reason behind photo-induced changes in amorphous chalcogenides. 

Systematic investigations of a given glassy system provide useful information for device 

fabrication with optimized features. Theory of network glasses plays important role in this regard. 

It derives various parameters of glassy system in terms of glass network connectivity. Here, the 

glass network connectivity is further given in terms of Mean Coordination number (MCN), where 

MCN is the sum of product of coordination number and atomic percentages of constituent 

elements. 

Theories of network glasses are experimentally verified in Ge-As-Se glassy system due to 

its exceptionally large glass formation region, which allows the study of this system in a larger 

MCN range of compositions [1-6]. As reported in literature by many workers, it is possible to 

introduce up to 70 at.% of Arsenic and 50 at.% of Germanium into the glassy alloys to obtain 

amorphous nature of chalcogenide composition [7]. The theory of network glasses suggests three 

phases in Ge-As-Se glassy systems, which are flexible floppy phase, rigid and stressed-rigid phase. 

As reported by P. Boolchand, there exists a self-organized phase around rigid phase, where the 

compositions are rigid but stress free [4]. This phase is known as intermediate phase (IP). The 

compositions in this phase show non-ageing behavior, which is important from application point 

of view. In Ge-As-Se glasses, range of intermediate phase composition is 2.4 ≤ MCN ≤ 2.67. 

However, the most useful compositions for applications such as all-optical-signal-processing lay in 

the range 2.4 ≤ MCN ≤ 2.5 [8]. The selected thin-film sample is ternary a-Ge6As38Se56 (MCN = 
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2.5), which is at the upper limit of the MCN range of useful compositions mentioned above. The 

usability of these compositions is due to high linear/nonlinear refractive index, high third-order 

susceptibility, and thermal stability. In addition, presence of small number of wrong and defective 

bonds in these compositions results in low optical losses in IR region, which is a desirable 

property required in IR optical applications. In present work, optical and structural changes are 

investigated under low-intensity UV exposure for selected composition. 

 

 
2. Experimental 
 

In present study, bulk Ge10As40Se50 (MCN = 2.6) glass is taken for investigation. It is 

expected that composition of thermally evaporated thin-film is different from bulk glass 

composition. In case of Ge-As-Se compositions, thermal evaporation causes over-stoichiometry of 

Se element and sub-stoichiometry of Ge and As elements. Fast deposition increases percentage of 

Se elements in thin-film. Hence, MCN of resulting thin-film becomes less than that of bulk glass. 

With Ge10As40Se50 selected as bulk glass, useful thin-film compositions (MCN ≈ 2,5) can be 

expected at fast deposition rate. 

To compose bulk Ge10As40Se50 (MCN = 2.6) glasses using conventional melt quenching 

technique, the compositional elements Ge, As and Se with purity 99.99% were weighted according 

to their atomic percentages. These weighted elements were sealed in quartz ampoules at base 

pressure of 10
-5

 Torr. The quartz ampoules were heated inside a furnace up to 940
o
C at the rate of 

3-4
o
C/min to prepare the melt. To obtain a homogeneous melt, the ampoules were frequently 

rocked for 10 hours at 940
o
C, and then quenched in ice water.  

Thermal evaporation technique was used to prepare amorphous thin-films of glassy alloys 

onto cleaned glass substrates at room temperature inside a coating system (HIND-HIVAC Model 

12A 4DT). The deposition rate was 10 to 15 nm/second. The films were exposed for different 

duration of time using Hg lamp through an optical arrangement, which filters out the light at two 

wavelengths (λ = 365 nm and λ = 436 nm, power density ~ 12.5 mW/cm
2
). Amorphous natures of 

bulk samples and thin-films were verified using X-ray diffraction measurements (Thermo Electron 

Corporation, Model ARL X’TRA) with Cu Kα radiation, and a scan rate of 3°/minute. The 

compositional determination of thin-film was achieved using EDAX measurements (SUPRA 

40VP Carl Zeiss NTS GmbH). The obtained chemical composition of thin-film was 

Ge6.433As37.688Se55.880 (~ Ge6As38Se56) [9]. 

Thicknesses of as prepared thin-films were measured experimentally using mechanical 

thickness profilometer (Tencore Instrument, Model Alpha Step 100). The optical transmissions for 

normal incidence of thin-films were measured using double beam UV/VIS computerized 

spectrophotometer (Hitachi, Model U-3310) in wavelength range of 300-900 nm.  

For structural analysis, micro-Raman measurements were performed on a spectrometer 

(WITec, Alpha 300) using a 514.5 nm Argon ion laser with power density 5 mW/cm
2
 at room 

temperature. 

 

 

3. Results and discussion 
 
3.1 XRD Analysis 

 

XRD patterns of unexposed and 120 minutes UV exposed (i-line, g-line) thin-films are 

shown in Figure 1. Absence of any prominent peak in XRD patterns verifies amorphous nature of 

thin-films. The humps exhibited in XRD patterns verify small to medium range order in 

amorphous thin-films. Slight increase in sharpness of XRD pattern of exposed thin-film indicates 

that local structural changes are taking place. Local structural changes in the film under UV 

exposure are understood using Raman measurements in subsequent section. 
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Fig. 1: XRD patterns of Ge6As38Se56 thin-films 

 

 

 

3.2 Optical Transmission Analysis 

 

Determination of linear optical absorption coefficient is done from optical transmission 

(T) using Lambert-Beer’s Law, which is given as T = exp(-αd), where, d is the thickness of the 

film (≈ 500 nm), and α is linear optical absorption constant. Variation of absorption coefficient 

with photon energy is shown in Figure 2. In low absorption region (α < 10
4
 cm

-1
), it follows 

Urbach relation [10]. In high absorption region (α ≥ 10
4
 cm

-1
), it follows Tauc relation [11].  Thus, 

determination of optical bandgap is done using Tauc’s plot for indirect bandgap material. 

 

 
 

Fig. 2: Absorption Coefficients for Ge6As38Se56 thin-films 

 

 

From Table 1, little increase is observed in the value of optical bandgap for Ge6As38Se56 

thin-film at time scale of UV exposure. Previous studies report that changes in optical bandgap of 

a-Ge-As-Se compositions under photoexposure depend upon glass network structure, which is 

given in terms of MCN value. The MCN value changes with change in number of Ge and As 

atoms. Addition of Ge in glass network structure increases photobleaching, while addition of As 

enhance photodarkening [12-14]. It is also reported that compositions within MCN range of 2.4 to 

2.55 have comparatively stable structural arrangement [5, 15]. Hence, studies of photoexposure on 

optical bandgap are reported by many research groups around this MCN range as described below.  

G. Yang et al. reported that in ternary GexAs45-xSe55 glassy system, Ge/As ratio plays 

important role in determination of photodarkening, photobleaching and photostability [16]. In this 
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system, it is observed that photodarkening takes place at x = 0 (As45Se55, Ge/As = 0, MCN = 2.45), 

photo-bleaching takes place at x = 33 (Ge33As12Se55, Ge/As = 2.75, MCN = 2.78), and 

photostability is achieved at x = 10 (Ge10As35Se55, Ge/As = 0.286, MCN = 2.55). These 

investigations are performed under 660 nm insitu laser irradiation at power density 150 mW/cm
2
. 

On the other hand, P. Nemec et al. reported that similar composition (Ge10As35Se55) shows photo-

bleaching under 660 nm laser irradiation at power density = 160 mW/cm
2
, and composition 

Ge20As20Se60 (MCN = 2.6, Ge/As = 1) is almost photostable under similar irradiation [17]. P. 

Nemec et al. explained this discrepancy on the basis of thin-film deposition process (PLD vs 

Thermal Evaporation) and deposition parameter (60 nm/min vs 3-4 nm/min) as fast deposition rate 

is responsible for change in stoichiometry and local structure of thin-film than bulk glass. In 

addition, P. Nemec reported that amorphous thin-films retains the stoichiometry, of bulk 

Ge10As40Se50 glass, when films are deposited using PLD at slow deposition rate (3-4 nm/sec) and 

show photobleaching upon 660 nm laser exposure, as shown in Table 1.  

Thin-film composition investigated by us is close to the GexAs45-xSe55 glassy system of G. 

Yang et al. In addition, thin-film prepared in our experiment is prepared using thermal evaporation 

technique and deposition rate is fast. Hence, the behavior of thin-film sample seems to follow the 

theory of G. Yang et al based on Ge/As ratio approach. 

Extinction coefficient (k) is a measure of light lost due to scattering and absorption per 

unit volume, and it is calculated using the relation:  

 





4
k                                                                               (1) 

 

It is observed in our studies that extinction coefficient decreases with wavelength as 

shown in Figure 3. Reduction of extinction coefficient with wavelength shows that material is 

getting transparent with wavelength. Hence, this composition is a useful optical material in high 

wavelength range. 

 

 
 

Fig. 3: Extinction Coefficients for Ge6As38Se56 thin-films 

 

 

Determination of linear refractive index (n0) is done using the Dimitrov-Sakka relation 

[18, 19]: 

 

[(n0
2
 − 1)/(n0

2
 + 2)] = 1 − (Eg/20)

1/2
  (2) 

 

It is clear from the Table 1 that negligible change occurs in the value of n0 for Ge6As38Se56 

thin-films under UV exposure. It is also supported by XRD plots, which exhibit minimal structural 

changes. In a previous study reported by us for As40Se60 thin-films, it was observed that value of n0 

increases upon 30 minutes of i-line, g-line UV exposure, where intensity of incident radiation was 
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similar to present study [14]. Hence, it can be concluded that addition of 6 at.% of Ge in binary 

As-Se alloy results in photostability of Ge6As38Se56 thin-film. 

Determination of nonlinear refractive index (n2) can be done according to semi-empirical 

relation of Tichy et al., which is given as [20]: 

 

42 ~])([
gE

A
esun      (3) 

 

where, Ā = 1.26x10
-9

 [esu (eV)
4
]. Obtained values of n2 as shown in Table 1 indicate that the value 

of nonlinear refractive index increases from 1.12x10
-10 

[esu] to 1.44x10
-10 

[esu] for 6 at.% Ge 

addition in As-Se alloy. UV exposure in a-Ge6As38Se56 thin-films slightly reduces the value of n2 

from 1.44x10
-10 

[esu] to 1.37x10
-10 

[esu]. This is an indication of minor structural changes in the 

film. 

 
Table 1: Linear/nonlinear refractive index and optical bandgap of a-Ge-As-Se  

thin-films with photo exposure 

 

Composition Exposure n 
Eg 

(eV) 

n2 

(Using Tichy 

Formula) 

(in 10
-10

 [esu]) 

As40Se60  

(MCN = 2.4) 
Unexposed 

2.31
[14]

, 2.81 

(hν→0) 

1.79
[14]

, 

1.83
[13]

 
1.22

[14]
, 1.12 

As40Se60  

(MCN = 2.4) 

30 min i-line, g-line 

exposed 
2.48

[14]
 (hν→0) 1.74

[14]
 1.37

[14]
 

As40Se60  

(MCN = 2.4) 

120 min i-line, g-line 

exposed 
2.85 (hν→0) 1.75

[13]
 1.34 

Ge10As40Se50  

(MCN = 2.6) 
Unexposed

[17]
 2.75 (at 1540 nm) 1.65  

Ge10As40Se50  

(MCN = 2.6) 
660 nm laser

[17]
 2.69 (at 1540 nm) 1.75  

Ge10As30Se60  

(MCN = 2.5) 
Unexposed

[17]
 2.64 (at 1540 nm) 1.77  

Ge10As30Se60  

(MCN = 2.5) 
660 nm laser

[17]
 2.62 (at 1540 nm) 1.81  

Ge15As40Se45  

(MCN = 2.7) 
Unexposed 2.75 (hν→0) 1.97

[13]
 0.84 

Ge15As40Se45  

(MCN = 2.7) 

120 min i-line, g-line 

exposed 
2.73 (hν→0) 2.00

[13]
 0.79 

Ge6As38Se56  

(MCN = 2.5) 

Unexposed (Present 

Study) 
2.87 (hν→0) 1.72

[9]
 1.44 

Ge6As38Se56  

(MCN = 2.5) 

10 min i-line, g-line 

exposed 
2.86 (hν→0) 1.73

[9]
 1.41 

Ge6As38Se56  

(MCN = 2.5) 

30 min i-line, g-line 

exposed 
2.86 (hν→0) 1.73

[9]
 1.41 

Ge6As38Se56  

(MCN = 2.5) 

60 min i-line, g-line 

exposed 
2.86 (hν→0) 1.73

[9]
 1.41 

Ge6As38Se56  

(MCN = 2.5) 

120 min i-line, g-line 

exposed 
2.86 (hν→0) 1.74

[9]
 1.38 
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3.3 Raman Analysis 

 

Raman plots of unexposed and 120 minutes exposed a-Ge6As38Se56   thin-films are shown 

in Figures 4 and 5. It can be observed in the figures that UV exposure slightly increases the 

sharpness of the curve. This is an indication of increase in local structural order, which occurs due 

to structural relaxation upon UV exposure. The change explains slight increase in optical bandgap 

upon exposure as shown in Table 1. Similar observations are noticed in XRD patterns shown in 

Figure 1, where the sharpness of the pattern slightly increases after the exposure.  

The analysis of Raman measurement is done using the multi-peak fitting function of 

Origin 8.0. Raman plot of unexposed film exhibits three peaks centered at 192 cm
-1

 (Peak 1), 231 

cm
-1

  (Peak 2) and 297 cm
-1

 (Peak 3). According to given literature, Peak 1 is assigned as A1 bond 

stretching mode of GeSe4/2 corner sharing tetrahedral units, which is also known as υ1 symmetric 

stretching
 
vibration of GeSe4/2 structural units [21-25]. Peak 2 is assigned as Main Band of As-Se 

glasses, which has the contribution of AsSe3/2 pyramidal units, As-As bonds and As4Se3 cages [25-

30]. Peak 3 is assigned as υ3 asymmetric stretching
 
vibration of GeSe4/2 structural units [17, 21, 

25]. It can be observed in Figure 4 and 5 that no new peaks are formed in the Raman spectra of the 

exposed film. It indicates that UV exposure (i-line, g-line) does not cause any chemical 

modification in amorphous chalcogenide thin-films. Only bonding rearrangements are taking place 

due to low-intensity UV exposure.  

Shift in peak positions due to UV exposure (i-line, g-line) of 120 minutes is as follows. 

The first peak shifts from 192 cm
-1

 to 193 cm
-1

, second peak from 231 cm
-1

 to 233 cm
-1

, while 

position of third peak remains unchanged at 297 cm
-1

. Relative areas and peak width of each of 

these peaks are shown in Table 2. From the table, it can be observed that relative area of peak 2 

reduces from 0.793 to 0.758, while relative areas of Peak 1 and Peak 3 increase from 0.172 to 

0.203 and 0.034 to 0.038. It indicates that UV exposure increases number of Ge-Se bonds and 

reduces number of As-Se and As-As bonds. According to chemical bond approach (CBA) theory, 

Ge-Se bonds are preferred over As-Se bonds because electronegativity difference between Se and 

Ge (2.55 – 2.01 = 0.54) is greater than that of Se and As (2.55 – 2.18 = 0.37). Hence, increase in 

Ge-Se bonds is an indication of structural relaxation upon UV exposure. In addition, the bond 

energy of Ge-Se bonds is greater than bond energy of As-Se and As-As bonds, hence, slight 

increase in Ge-Se bonds at the cost of As-Se and As-As bonds slightly increase the cohesive 

energy of the system. It results in slight increase in band gap as shown in Table 1. It is also 

observed that peak width of stoichiometric GeSe4/2 units slightly decreases from 19.81 to 19.12. 

This small reduction is indication of small increase in order of the system. 

 

 
 

Fig. 4: Raman plot of unexposed thin-film 
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Figure 5: Raman plot of 120 minutes exposed thin-film  

 

 

Table 2: Raman peak details of unexposed and 120 minutes exposed thin-films 

 

Peak Details 

Unexposed 120 minutes exposed 

Peak 

Position 

(cm
-1

) 

Width 
Relative 

Area 

Peak 

Position 

(cm
-1

) 

Width 
Relative 

Area 

Peak 1: A1 bond stretching mode 

of GeSe4/2 corner sharing 

tetrahedra 

192 19.81 0.172 193 19.12 0.203 

Peak 2: Main Band of As-Se 

glasses 
231 52.63 0.793 233 52.32 0.758 

Peak 3: υ3 stretching
 
vibration of 

GeSe4/2 structural units 
297 27.11 0.034 297 27.56 0.038 

 
 
4. Conclusions 
 

Findings of the present study about UV exposure (i-line, g-line, power density ~ 12.5 

mW/cm
2
) on intermediate phase a-Ge6As38Se56 thin-film are given below: 

1) Thin-film deposition using thermal evaporation of bulk a-Ge10As40Se50 (MCN = 2.6) 

at fast deposition rate (10-15 nm/second) causes over-stoichiometry of Se element, whereas sub-

stoichiometry of As and Ge elements. The resulting thin-film composition, as verified using 

EDAX is Ge6As38Se56 (MCN = 2.5). 

2) The thin-film shows slight increase in optical bandgap (1.72 to 1.74 eV) and almost 

negligible changes in linear refractive index (2.87 to 2.86) upon UV exposure. Small reduction in 

nonlinear refractive index (1.44x10
-10

 to 1.38x10
-10

 [esu]) is also observed. 

3) Raman analysis explains that UV exposure does not cause any chemical modification. 

It only causes bonding rearrangement i.e. increase in Ge-Se bonds and reduction in As-Se and As-

As bonds, which is preferable bonding arrangement of this composition according to CBA theory. 

The cohesive energy of the film composition, as determined using CBA theory, increases when 

new bonding arrangement takes place due to UV exposure. The increase in cohesive energy is 

responsible for increase in optical bandgap.  

4) Based on present study and available literature, it can be concluded that for binary As-

Se compositions, photoexposure causes reduction in bandgap and increase in linear/nonlinear 

refractive index. While in case of ternary Ge-As-Se thin-films, nature of photoinduced changes 

depend on composition, Ge/As ratio, MCN value, thin-film preparation method and thin-film 
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deposition rate. Hence, all these parameters should be taken into account for optical engineering of 

ternary Ge-As-Se films using photoexposure. 
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