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Abstract: 

Amorphous Ge33As12Se55 films have been deposited by electron beam physical vapor 

deposition and their optical properties have been studied using reverse engineering on 

spectrophotometric measurements. Definition of the different optical constants were made by 

Tauc-Lorentz model allowing simultaneous characterization in high and low absorption area. 

Moreover an investigation of the layer’s photosensitivity with an exposure wavelength at 

~808 nm has been carried out and reveals a photo-bleaching effect generating up to 0.04 

refractive index variation at 1µm. Finally the stability of the fabricated layers is studied. 

Keywords: 

Chalcogenide glass, optical coating, photosensitivity, spectrophotometry 

  



1. Introduction 

Chalcogenide glasses are now commonly used in different applications such as solar cells, 

infrared sensors [1] or phase-change memories [2,3]. These glasses consists of chalcogens 

elements from the sixteenth column of the periodic table (excepted oxygen) covalently bonded 

to heavy elements such as: As, Ge, Sb, Ga, Te, or Si. Due to their weak inter-atomic bonds, 

chalcogenide glasses are transparent in the near and the mid-infrared regions of spectrum. For 

example the sulfides transmit up to 11 µm, selenides up to 15 µm and tellurides up to 20 µm. 

In addition, chalcogenide glasses were already deposited in thin films to fabricate 

optoelectronic components [4-6] and ultra-narrow bandpass filters [7]. A striking propertiy of 

chalcogenide glasses is their photosensitivity [8, 9] i.e. the modification of the chemical bonds 

under an exposure light with wavelength included in the bandgap of the material. Actually, 

various photo-induced mechanisms were observed in chalcogenide layers such as 

photoionization [10], photoexpansion [11,12], photodensification [13], photocrystallization 

[14], amorphisation [15], photodarkening [16,17] or photobleaching [18]. These effects have 

been widely studied to create active optical interference filers [19,20] or to write Bragg grating 

in planar waveguides [21-24]  

In this work we have investigated the deposition of Ge33As12Se55 thin films. This glass has been 

selected due to its commercial availability and known photosensitivity. Some previous works 

have already shown that it can be deposited into thin films using by pulsed laser deposition [25-

27] or thermal evaporation [28-30] or electron beam deposition (EBD) [31], because it allows 

producing homogeneous thick and large aperture films that will be compatible with the 

production of multilayer optical interference filters. Using reverse engineering coupled with a 

Tauc Lorentz model, the optical properties of single layers were determined and a precise study 

of the photosensitive effects is presented. Finally a systematic study of the stability of the 



fabricated films is performed, showing that these layers are compatible with the production of 

complex optical elements. 

2. Experiments 

Chalcogenide glasses with composition Ge33As12Se55 and commonly known as AMTIR-1 were 

used in this study. These glasses were produced by the Amorphous Material Company. 

Cylindrical samples with 25 mm diameter and thickness of about 12 mm were placed on a Mo 

liner inside a BALZERS BAK600 system with residual pressure within the chamber of 

~10- 6  mBar. Thin single-layers were fabricated by EBD on fused silica substrates which were 

cleaned in an ultrasonic bath. Various films with thicknesses ranging between 300 and 700 nm 

were fabricated. AMTIR-1 having a low glass transition and melting temperatures (e.g. Tg = 

362°C), very low and stable deposition rate could not be achieved. The deposition rate was thus 

set to 10 A/s and was controlled by an Inficon quartz crystal monitor XTC/2. This speed allowed 

securing stable deposition speed with fluctuations not exceeding ±20% after optimizing the PID 

parameters. 

Transmission and reflection spectra of each single-layer were measured with a Perkin Elmer 

Lambda 1050 spectrophotometer in the spectral range from 600 to 1800 nm at an angle of 

incidence of 8°. A special module from OMT solutions was used to perform this measurement. 

This module allows accurate and absolute measurement of both transmission and reflection 

spectra of a sample, without moving or replacing the sample and without reflection etalons as 

transmission baseline is used to both calibrate the transmission and reflection spectra. Such a 

system is crucial for obtaining high accuracy measurements and determinations of the optical 

properties of the layers. Typical precision of the measured transmission and reflection intensity 

is no larger than 0.1%. Composition of the thin films compare to the bulk material were also 

studied using Energy-dispersive X-ray spectroscopy (EDS) 



AMTIR-1 being a photosensitive material, kinetics of refractive index change on dosage of 

actinic radiation were studied. Radiation from a 200 µm-fiber-coupled laser diode centered at 

808 nm, with a spectral bandwidth of 2 nm and a beam diameter of 10 mm was used to perform 

exposure. Power density in place of the sample was 15 W/cm2. Samples were exposed with 

dosages up to 1.1102 kJ/cm2. Between exposures, samples were kept into dark boxes in order 

to secure that no parasitic exposure from external source would modify the layers properties. 

After each exposure, reflection and transmission spectra were measured using the procedure 

that was described above. Customs algorithms were finally developed in order to extract the 

optical parameters of the single layers: the refractive index dispersion n(λ), the extinction 

coefficient dispersion k(λ), the thickness t, and the band gap E0.  

3. Determination of AMTIR-1 single layer optical constants 

a. Tauc-Lorenz Model 

We used reflection and transmission spectra measured on AMTIR-1 single layers to determine 

their optical constants. Typical spectra measured on a 500 µm thick layer is presented in Figure 

1. One can see two distinct regions, one above 700 nm that presents oscillations of the signal, 

typical of the interferences occurring within the layer, and a second region below 700 nm, 

where the layer presents high absorption. Optical constants of thin film materials, are generally 

determined using the Swanepoel method [32]. This method involves determining the envelopes 

TM and Tm describing respectively the spectral dependence of the amplitude of the maxima and 

the minima of the measured interference pattern. This method provides with a simple method 

for evaluating the constants of single layers in low absorbing regions i.e. where k<<0.01. 

However, as illustrated on Fig. 1, AMTIR-1 thin films have large absorption in the spectral 

regions below 900 nm due to intrinsic absorption of the glass matrix. In addition, this study is 

intended to provide an accurate determination of the optical properties of these layers that will 



be further used for the design of complex multilayer filters. To achieve, the Tauc-Lorentz (TL) 

[33-36] method was implemented for modeling the dispersion of optical constants. It is 

important to stress that this method was shown to be an accurate method for modeling interband 

absorption [37] and high absorbing optical coating materials [38], e.g. silicon (Si) [39,40], 

hydrogenate silicon (a-Si:H) [41]…  

 

Figure 1: Measured and theoretical (resulting from TL fitting) spectral dependences of the 

transmission and reflection of an AMTIR-1 single layer 

TL optical model is derived from Kramers-Kronig [42] expression where electric permittivity 

can be express as:	

 

And N the complex refractive index is linked with electric permittivity by the following 

formula: 

 

Real and imaginary part of electric permittivity  and  are given by:  
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In case of AMTIR-1 single layers, the parameters of interest are: ETL, the band gap energy of 

the materials, E0, the central peak of energy, C the broadening parameter, A the amplitude,	  

the high frequency dielectric constant and t the thickness. The total number of parameters to 



determine is equal to p=3 (ETL, , t)+3q (Ai, Ci, E0i) where q is the number of oscillators used 

in Tauc-Lorentz formalism. Generally, the q parameter is equal to one, e.g. for Ta2O5 [39], 

HfO2 [43], but sometimes, increasing the number of oscillators is required in order to get an 

optimal estimation of optical functions, e.g. Ag2O [44]. However, one must keep in mind that 

like in any other mathematical decomposition of a physical curve, the number of free 

parameters must be kept to minimum in order to provide an error function between model and 

experimental curve equal to the measurement precision. 

Optimization of the model was performed using Matlab and more precisely the programmed 

“fmincon” function. This algorithm allows for searching the minimum of constrained functions. 

As it’s an optimization program, a converging error function (EF) needs to be defined. A 

pondered sum of the quadratic errors of the fitted transmission and reflection was chosen:  

1
2 	 , 	 1 	 , 	  

where X is a vector of all the derived parameter, t the thickness, Rspec and Tspec, the reflection 

and transmission spectra measured with the spectrophotometer, Rcal and Tcal are the calculated 

reflection and transmission spectra. α, which is a coefficient between 0 and 1 that has to be 

assessed, was fixed at 0.5 in this study in order to place the same weight on transmission and 

reflection spectra and therefore to allow for accurate fitting of both spectra.  

b. Results: Optical constants determination 

The transmittance (Tcal) and reflectance (Rcal) curves were modeled with the TL formalism 

using one (q=1) or two oscillators (q=2). Table 1 summarizes the fitting parameters required in 

both cases. One can see that with only one oscillator, the RMS error of the transmission curve 

is twice larger and the EF is three times larger than with the 2-oscillator model. Therefore, this 



result shows that a two-oscillator model is required for an accurate description of the 

experimental curves (Figure 1). Regarding the values, one can see that the bandgap energy that 

were extracted tend to be lower than the one reported in the literature [29,30]. This result is 

however not really surprising as it is well known that the parameters of the coatings highly 

depend on the deposition technique and parameters. 

Based on this model, we plotted the corresponding refractive index and extinction coefficient 

dispersion curves in Figure 2. Based on this determination, the deposited AMTIR-1 thin film is 

630 nm thick. Its refractive index is higher than 2.9 in the visible range while it decreases below 

2.7 in near infrared region. Regarding absorption this one becomes negligible, i.e. below 0.001 

above 875 nm while it severely increases below 750 nm due to the intrinsic absorption of the 

glass matrix. This result means that applications of AMTIR-1 lie in the 1+ micron region. These 

data are slightly higher than the one reported in the literature [29] and more than 0.1 higher than 

the refractive index of bulk AMTIR-1 glass, confirming that the material has been affected by 

the deposition process, producing a non-photo-stable material. 
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Figure 2: Refractive index (blue curve) and extinction coefficient (green curve) dispersion of 
AMTIR-1 layers 

Table 1. Parameters used for TL fitting of AMTIR-1 spectroscopic data using 1 and 2 

oscillators. Due to the level of noise of our measurements, the precision for each of the 

determined parameters is better than 1%. 

 Ɛ ETL A1 E01 C1 A2 E02 C2 t EF 

q=1 1.76 1,49 80,43 4,13 3,33 none 549.1 0.0080 

q=2 1.82 1.46 87.47 3.91 3.96 4.92 -1.80 0.71 548.1 0.0040 

 

Actually, the previously presented data are of high importance when it comes to AMTIR-1 

photosensitivity. In fact to generate any photosensitive effect, the layer needs to be exposed to 

actinic radiation with wavelength within the absorbing region of the glass. It is therefore of 

prime interest to precisely know how to describe the dispersion curve of the extinction 

coefficient and to estimate the band gap. This is directly obtained with the TL model. Actually, 

the wavelength of exposure must be chosen depending on the application: the higher the 

absorption at the wavelength of exposure, the faster the refractive index change, however, the 

higher the gradient of induced refractive index change through the layer depth [45]. Depending 

on the application, i.e. whether a large [46] or a low [47], it is possible to determine the best 

exposure wavelength that will allow rapidly inducing a large refractive index change with 

minimal grating of index. In the case of this study, we used a laser diode centered at 808 nm. 

Such laser sources combine high energy and good beam quality that make them suitable for fast 

and structured exposure systems [46]. 

c. Study of the speed rate deposition 



In order to have stable and repeatable refractive index between each deposition as well to assess 

the possible gradient of index that could be produced the layer fabrication associated with 

deposition speed fluctuations, that effect of the rate deposition on AMTIR-1 refractive index 

was studied. 3 layers with identical thickness of ~350 nm were deposited with 3 different rates: 

5, 10 and 20 A/s. Then the optical constants were extracted with the previous described method. 

To compare the results with another classical material, the same work was done on 150 nm 

Ta2O5 thick layer. The Ta2O5 deposition rates were fixed to classical values, i.e. 2, 3 and 6 A/s 

(Figures 3 and 4). 

 

Figure 3: Ta2O5 refractive index dispersion determined on sample fabricated with different 

deposition rates: in blue – 2 A/s, in green 3 A/s, in orange 6 A/s 
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Figure 4: AMTIR-1 refractive index dispersion determined on sample fabricated with 

different deposition rates: in blue - 5A/s, in green 10A/s, in orange 20 A/ 

For the both materials, a higher deposition rate leads to a higher refractive index. But they have 

a different behaviors depending on the deposition rate. For example Ta2O5 layers seem to have 

a linearly increasing refractive index with deposition rate: 3 times higher deposition rate results 

in a 3 times higher refractive index increase for each wavelength. AMTIR-1 has a different 

behavior. A significant refractive index (Δn = 0.02) variation is observed when deposition rate 

is changed from 5 to 10 A/s and then barely changes (Δn < 0.005) when it is further increased 

to 20 A/s. This result shows that for a high deposition rate, larger variation of deposition rate 

can be tolerated to obtain layers with uniform refractive index. For example for 1 µm 

wavelength, to get an error on the refractive index not exceeding 5.10-3, at a deposition rate of 

5 A/s the variation should not exceed 0.5 A/s, but for 20 A/s, deviation up to 4 A/s could be 

tolerated. Such fluctuations are compatible with the deposition technique that was implemented 

within this work. However, as already stated in Ref [30,48], one generally wants low deposition 

rates to produce film composition that is very close to the starting bulk materials. In our case, 
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our goal was to produce optical quality, homogeneous and photosensitive layers, therefore 

higher deposition rate appear as optimal conditions for the first two parameters. 

In addition, the composition of those layers has been investigated and determined by a 

nondestructive technique: Scanning Electron Microscopy with Energy Dispersive Analysis 

Systems (FESEM/EDS, Zeiss Gemini 1530). The EDS technique detects X-rays emitted from 

the sample during bombardment by an electron beam to characterize the elemental composition 

of the analyzed volume. The depth from where the X-rays originate depends on the material 

and the used primary electron energy. For the accelerating energy of 20 keV used for our 

experiments, it is in the several hundreds of nm to 2 µm range. Several measurements are 

performed on each sample. A Gaussian fit is performed to calculate the area under the peaks 

and then to calculate the weight or atomic percentage of each element. The results exposed on 

Figure 5 were obtained by averaging different local measurements on each substrate.  

 

Figure 5: AMTIR-1 composition for different deposition rate: in blue – 5A/s, in green 10 A/s 

and in orange 20A/s 
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The precision reached is around 1% for each element. The composition measured on the layers 

significantly different to the one of the bulk materials, there is for example a 5.5% decrease of 

Ge concentration in comparison with original composition. Moreover, this result shows that 

within this range, the deposition rate has no significant impact on the final thin film 

composition. It also signifies that the variation of refractive index is not a result of the thin film 

composition change. This difference of refractive index is most likely a result of distinct layer 

densities associated with various kinetic energy during the evaporation process. Based on these 

results and in order to have a precise control on the deposited layer thicknesses, we choose to 

deposit the AMTR-1 layers at a rate of 10 Å/s. 

4. Kinetics of photosensitivity in AMTIR-1 single layers 

a. Photosensitivity 

The samples were exposed with diode laser centered at 808 nm for up to 48 hours. Figures 6 

shows the typical transmission spectra before and after exposure (at saturation).  
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Figure 6: Spectral dependence of the transmission of AMTIR-1 single layers before and after 

exposure at 808 nm obtained by reverse engineering: in blue – transmission before exposure, 

in orange – transmission after exposure 

First of all, one can see that after exposure, the transmission spectrum shifts towards shorter 

wavelength, meaning that optical thickness of the layer is decreasing. One can see that in non-

absorbing region (i.e. above 900 nm), the amplitude of the maxima appears constant while the 

amplitude of the minima increases, resulting is a lower contrast of the interference fringes. This 

result illustrates that the refractive index of the layer is decreasing and therefore that at least 

part (if not all) of the optical thickness decrease is due to refractive index decrease. Finally, in 

higher absorbing region (i.e. around 700-800 nm), amplitude of the maxima increases after 

exposure, showing that absorption decreases within this region and therefore that bandgap 

structure is evolving. It is important to stress that these effects are large amplitude effects as 

they are easily seen without deep analysis and they also confirm a photo-bleaching effects. In 

order to quantify the photo-bleaching effects, we applied the TL formalisms to spectra measured 

after exposure. Parameters extracted from the TL fit are shown in Table 2 and corresponding 

spectral dependence of the refractive index and the extinction coefficient before and after 

exposure are shown in Fig. 7 and 8. One can see that the main effect of exposure at 808 nm is 

an overall decrease of the refractive index and a shift of the extinction coefficient towards lower 

wavelength. From these data, changes of the real and imaginary part of the refractive index at 

800 nm can be extracted:  

 Δn = nexposed-nunexposed = -0.05 

 Δk = kexposed-kunexposed = -0.002 

Those data, particularly the one of the refractive index change are comparable to the one 

reported in [29] and [25]. The imaginary part of the refractive index (k) decreases during the 



AMTIR-1 exposure. This decrease is due to an increase of the bandgap (ETL) that can be 

quantified using the TL model, from 1.46 eV (before exposure) up to 1.48 eV. 

 

Figure 7: Refractive index dispersion curve before (blue) and after exposure (orange) at 

808 nm. Refractive index variation (green). 
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Figure 8: Extinction coefficient dispersion curve before (blue) and after exposure (orange) at 

808 nm. Extinction coefficient variation (green). 

Regarding the real part of the refractive index, it is decreasing after exposure. This decrease is 

quite large. An analysis using Tauc-Lorentz model reveals no photo-expansion or contraction 

of the film (extracted thickness varies from 548.1 to 548.0 nm and this change can be 

neglected). Such a negligible change of physical thickness (if it exist) was confirmed by surface 

profile measurements using a ZYGO Newview 7300 optical profilometer. Such a measurement 

did not reveal any measurable elevation change between the unexposed and exposed area, 

meaning that thickness was unaffected by the 808 nm exposure. Then we studied the kinetics 

of refractive index change on exposure dosage, for various dosages between 0 and saturation 

and modeled this change with a hyperbolic function [47] (Fig. 9). One can see that this model 

allow accurately predicting the refractive index change at any dosage with a precision better 

than ±5%. The saturation is reached after exposing the glass with dosage higher than 500 kJ/cm2 

at 808 nm. Such a large dosage is required because of the low photosensitivity of the glass 

(slope at fluence = 0) that is achieved at 808 nm because we wanted to secure a very low 

gradient of refractive index within the layer (less than 3%/µm at 808 nm). Faster refractive 

index change could be obtained by decreasing the exposure wavelength. 



 

Figure 9: Photoinduced refractive index variation on fluence: in blue - measurement points, 

in orange –fit  

Table 2. Parameters used for TL fitting of AMTIR-1 spectroscopic data measured before and 

after 808 nm exposure. Due to the level of noise of our measurements, the precision for each 

of the determined parameters is better than 1%. 

 Ɛ ETL A1 E01 C1 A2 E02 C2 t EF 

Unexposed 1,82 1,46 87,48 3,92 3,82 3,96 -1,80 0,71 548.1 0.0040

Exposed 1.78 1.48 83.7 4.12 3.84 5.08 -1.82 0.66 548.0 0.0044

 

d. Glass stability in dark 

In order to be able to use these layer for optical application, it is mandatory to have stable layer 

with time. We thus studied the stability of the fabricated layers before and after exposure. 

Because of the photosensitivity of the layers, exposed and unexposed sample were stored in 

black box to avoid sunlight exposure and transmission was measured on those samples after 

different durations of storage: 0, 10, 20 and 70 days. 
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The transmission curves in Figure 10 illustrate the results obtained with unexposed sample. 

After being stored for 20 days in the dark, the transmission measured on the AMTIR-1 layers 

has slightly shifted towards the short wavelength range and an increase of the transmission can 

also be observed on the near-bandgap range. However, such an evolution could not be further 

noticed for longer storage duration. The transmission curves were then fitted with the TL model. 

A refractive index variation equal to n=-0.006 was extracted. This decrease was associated 

with some natural relaxation and reconfiguration of the layers. It is worth mentioning that the 

previously shown results in section 4 were obtained taking into account this effect, the values 

of 0.04 at 1 µm being the one expected after this drift has occurred. The post-exposition stability 

was tested on a sample issued from another sample that was exposed at 808 nm until refractive 

index saturation using the same procedure that was used with the unexposed sample (Figure 

11). No significant differences can be detected. The transmissions spectra are identical proving 

that the photo-induced refractive index changes are permanent. 



 

Figure 10: Spectral dependence of the transmission measured on an unexposed sample at 

different duration of storage in dark: in blue – 0 days, in orange – 10 days, in green – 20 days 

and black points - 70 days. 

 

Figure 11: Spectral dependence of the transmission measured on an exposed sample at 

different duration of storage in dark: in blue – 0 days, in dots orange – 10 days and in green 

– 20 days. 
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These results prove that unexposed and exposed AMTIR-1 based layers are stable in time and 

can are therefore compatible with the fabrication of stable and durable optical elements. It is 

clear that such stability requires keeping these layers in dark because of their photosensitivity 

and outside application would require protecting these layers with additional layer that would 

reject all radiation around 800 nm. 

5. Conclusion 

Using an electron beam deposition (EBD) process, AMTIR-1 layers were produced and 

characterized using reverse engineering by spectrophotometry with Tauc Lorent Model. This 

model was used to determine the optical constants (refractive index, extinction coefficient and 

bandgap) simultaneously in the regions of non-absorption and high absorption. In parallel a 

study of the chemical composition of EBD film shows that the compositions of thin films and 

the original bulk material are close.  

Photosensitivity of AMTIR-1 layer was studied using the radiation form a laser diode with 

wavelength at 808 nm. The transmission curve of the exposed layer is shifted towards shorter 

wavelength directly linked to a photo-bleaching effect. No variation of the layer thickness were 

measured. The photo-induced refractive index changes reached -0.05 @ 800 nm. 

Finally, a study of the stability of the unexposed and exposed layers shows that after a small 

drift of the layers properties during the first 20 days, the layers become stable and are therefore 

a good candidate for the fabrication of high quality optical elements.   
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