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ФОРМИРОВАНИЕ ГОЛОГРАФИЧЕСКИХ ДИФРАКЦИОННЫХ  
РЕШЕТОК В ТОНКИХ ПЛЕНКАХ ХАЛЬКОГЕНИДНЫХ  
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Исследовано формирование голографических дифракционных решеток в тонких пленках халькогенидных 
стеклообразных полупроводников. Проанализирован процесс записи голографических решеток на длине волны 
излучения аргонового лазера 488 нм, а также процесс химического травления, позволяющий создать рельефную 
голографическую решетку. Определены оптимальные условия формирования дифракционных решеток в пленках 
сульфида мышьяка. Показано, что на длине волны аргонового лазера 488 нм оптимальная экспозиция составила 
∼ 5–8 Дж/см2. На стадии записи образуется квазифазовая (рельефно-фазовая) решетка с дифракционной эффектив-
ностью на уровне единиц процентов. Травление экспонированного образца раствором щелочи NaOH в деионизи-
рованной воде и изопропаноле позволило существенно увеличить глубину рельефа и повысить дифракционную 
эффективность тонкой рельефной решетки примерно до 20 % для красной области спектра и приблизиться к мак-
симальному значению (∼ 34 %) для ближней инфракрасной области. Результаты исследования перспективны для 
создания рельефных голографических решеток в сфере оптического приборостроения (спектральное оборудова-
ние, голографические прицелы и др.).

Ключевые слова: голографическая решетка; дифракционная структура; халькогенидный стеклообразный полу-
проводник; фоторезист.
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The paper presents a study of the formation of holographic diffraction gratings in thin films of chalcogenide glassy semi-
conductors. The recording process of holographic gratings at the argon-laser radiation wave length 488 nm and the process 
of chemical etching that enables the formation of а relief holographic grating are analysed. The optimum conditions for the 
formation of diffraction gratings in films of arsenic sulfide As2S3 are defined. It is shown that at the 488 nm wave length of an 
argon laser the optimum exposure comes to ∼ 5–8 J/cm2. At the recording stage a quasi-phase (relief-phase) grating is formed, 
with the diffraction efficiency on the order of a few per cent. Etching of the exposed sample with a solution of NaOH alkali in 
deionised water and isopropanol makes it possible to increase considerably the relief depth and to improve the diffraction ef-
ficiency of a thin diffraction grating approximately up to 20 % for the red spectral region, and to approach the maximal value 
∼ 34 % for the near infra-red region. The results of the study considered look promising for the creation of relief holographic 
gratings which are essential in present-day optical instrument building (production of spectral devices, holographic sights, 
and the like).
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Introduction
The chalcogenide glassy semiconductors (CGS) are compounds of the chalcogenes (oxygen, sulfur, sele-

nium, tellurium, polonium, and livermorium) with metals. Most well-known and studied are their compounds 
As2S3, As2Se3, As – S – Se and Ge – Sb – Te. Their use for optical recording, in holographic inter ferometry, 
photolithography, manufacturing of holographic gratings and diffraction optical elements (DOE) holds the 
greatest promise [1]. Most important parameters in the process of manufacturing the holographic gratings and 
DOE are the resolution and signal-to-noise ratio. Among the numerous processes proceeding in semiconductor 
structures under the effect of light, with respect to these parameters, the authors have selected the process of 
photo structural transformations in a CGS film, that is practically free from noise and features the resolution 
above 10 000 mm–1 [1]. Sensitivity of such recording process is rather low, on the order of 10 J/cm2, but this 
parameter is not decisive when manufacturing the small-area gratings and DOE. It becomes important when 
large DOE (with the area exceeding 1 cm2 ) are recorded. If required, sensitivity may be improved by means 
of using the corona discharge during the recording process of a grating [2; 3]. Photostructural transforma-
tions in a film of CGS are associated with a high degree of flexibility of the corresponding glassy net, having 
low average atomic coordination (as a rule, atoms of chalcogenide are doubly coordinated in a glassy net) 
and relatively great internal free volume. Irreversible photostructural transformations are due to processes of 
photo polymerisation. Due to exposure, the free volume is removed and the film morphology is changed – they 
loose their columnar structure [1]. In the process the volume of films is decreased and the refractive index of 
the exposed areas is varied. One can fix such changes during recording of a hographic garting with the help 
of a probe laser beam. The changes are irreversible but it is inexpedient to use them for the formation of holo-
graphic elements because the diffraction efficiency of these gratings is very low (about 1 %) and, as there is 
no relief, mass production is obstracted by difficulties in replication. After irradiation, solution rates of the 
exposed and unexposed areas of the films are changed, enabling one to manufacture holographic gratings and 
DOE by etching of the exposed samples. 

The main objective of this work is to optimise the formation conditions of relief diffraction gratings in 
arsenic sulfide (As2S3) films during holographic recording at the wave length 488 nm with subsequent post- 
exposure treatment. 
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Manufacturing of samples
Samples of a light-sensitive material based on the layers CGS were manufactured by successive thermal 

vacuum deposition of a metal layer and a chalcogenide glassy-semiconductor layer onto the glass substrate. 
The system used VUP-4 offered the rate of As2S3 deposition about 0.2 nm/s at the residual pressure 2.3 ⋅ 10−3 
and 2.7 ⋅ 10−3 Pa for CGS and Cr, respectively. 

It should be noted that a glass substrate may be bent (most often concave), keeping from variations in thick-
ness of the material over the area. A thickness of a CGS layer is chosen to guarantee the required modulation 
depth (ordinary d

Λ


 0.3– 0.4, where d – thickness of a CGS layer, Λ – grating period [1]). The thickness of 

a layer of CGS in the case under study is d = 1 µm. The thickness of a layer of Cr metal comes to a few tens 
of nanometres. 

Recording of holographic gratings
Holographic gratings were recorded according to the Leith – Upatnieks scheme on a vibration-isolated holo-

graphic table (Standa, Lithuania). Schematically, hologram recording is demonstrated in fig. 1. Argon laser 1 
is used as a source of laser radiation. A spectral line of generation at the wave length λ = 488 nm is split out 
by prism 2 and diaphragm 3. Beam splitting cube 4 and mirrors 5 and 6 form two beams, brought together on 
sample 7. The interference pattern period is Λ = 2 µm, in line with d

Λ
= 0 5. , offering recording of a grating at 

the spatial frequency 500 lines per millimeter.
To select an optimum exposure range, the formation kinetics of thin transmission phase holograms in 

metal-CGS structures has been studied. Radiation of a helium-neon laser (λ = 632.8 nm), used as a reading 
beam, is directed by mirrors 9 and 10 to the area of overlapping beams which are recording a diffraction gra-
ting. As the grating is formed, the first- and second-order diffraction beams appear. Intensity of the beams 
passing in the direction of diffraction maxima are registered by photodetectors 12 and 13, for the first- and 
second-order diffraction, respectively. Photodetector 11 is registering radiation of an argon laser transmitted 
through the sample. Signals from the photodetectors are fed into the channels of a С8-46/4 digital oscilloscope. 
Amplification factors are selected so that three signals can be recorded simultaneously. Figure 2 shows an os-
cillogram of the holographic grating recording kinetics.

Analysis of the diffraction grating formation kinetics points to the fact that the first-order diffraction is 
observed when exposure time is about 10 s and the second-order diffraction appears when exposure time is 
about 30 s. Note that the diffraction efficiency in the direction of the first maximum reaches plateau when 
exposure time comes to ∼ 50 – 80 s. This temporal range has determined the hologram exposure time for the 
following parameters: power of the beams recording a diffraction grating, 3.5 mW each; exposed area is 
S ∼ 0.04 cm2.

Surface morphology of the recorded grating has been studied by means of atomic-force microscopy (AFM). 
Figure 3 shows the typical surface structure of a sample. As seen, the surface relief during recording of a gra-
ting is developed weakly. The scale of the observed relief-phase grating over the surface area is on the order of 
6 – 8 nm, whereas the scale of the surface roughness comes to ∼1–2 nm.

Figure 4 shows a diffraction pattern of He – Ne laser radiation on the phase grating under study.

Fig. 1. Optical scheme of an experimental setup: 1 – argon laser; 2 – prism;  
3 – diaphragm; 4 – beam splitting cube; 5, 6, 9, 10 – totally reflecting mirrors;  

7 – sample; 8 – He – Ne laser; 11–13 – photodetectors
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Also, in the process of studies the authors have estimated the first- and second-order diffraction efficiency 
η0/1 on the grating recorded when exposure time was t = 80 s. The diffraction efficiency is determined as 

 η =
∑
I
I
k

k
k

,  

where Ik – intensity of the k-order diffraction, k = 0, ± m.
The diffraction efficiency comes to η0 = 90 % and η±1 = 4 % for the zero- and first-order diffraction, respectively. 

Fig. 2. Recording kinetics of a diffraction grating:  
1 – transmitted radiation of an argon laser;  

2 and 3 – radiation of a helium-neon laser in the case  
of the first- and second-order diffraction, respectively

Fig. 3. Surface morphology of a sample (АFМ): 
а – surface morphology of the exposed sample 3D; b – profile of the surface structure

Fig. 4. Diffraction pattern on the recorded phase grating
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Note that the k-order diffraction efficiency of a thin phase hologram with a sinusoidal profile is given by the 
following expression [4]:

 η π
λ

= 





J d nk
2 2 ∆ ,  (1)

where Jk – k-order Bessel function; λ – wave length of diffracted radiation; d – holographic layer thickness; 
∆ n – refractive index modulation. 

Figure 5 presents the dependences between the diffraction efficiency of a thin phase hologram and the phase 
incursion, calculated by formula (1) for different diffraction orders.

In terms of the phase incursion 
2π
λ
d n∆  corresponding to the experimental diffraction efficiencies for the 

first- and second-order diffraction, the authors have estimated modulation depths of the averaged refractive 
index, coming to ∆ n ≈ 0.04 in the formed grating. 

To improve the diffraction efficiency, it is necessary to increase modulation of the refractive index ∆ n, that 
is possible when a stable surface relief is formed within the layers of CGS due to selective etching. A relief on 
the hologram surface is resultant from the photoinduced changes is solubility of the irradiated and uniradiated 
areas. This effect is revealed in the presence of the adequate selective etchant that differently influences the 
radia tion-exposed and radiation-unexposed areas of films. Such solvents for CGS films are alkali solutions 
(NaOH, KOH, NH4OH) and solutions on the basis of the amines. One of the important parameters characte-
rising the possibility to use a photosensitive layer for the formation of a relief image is the solution selectivity γ 
representing a ratio between the solution rates of irradiated and uniradiated areas of a layer. According to the 
data from [1], the solution selectivity for the layers of arsenic sulfide in the case of etching with KOH alkali 
comes to γ ≈ 2. Selectivity is not high, imposing limits on a minimal thickness of the CGS layer. In the case 
under study a minimal thickness should be approximately three times higher than the required profile depth of 
a gra ting. Proceeding from the results of [5], the authors have used an etchant based on NaOH with isopropanol 
and deionised water, which for unexposed arsenic sulfide results in the etching rate 10 nm/s. Proportion of the 
components NaOH : isopropanol : water is 1 : 25 : 50. The etching process duration is controlled visually by 
maximal diffraction on the grating. In the case under study the etching time was short enough, being on the 
order of 10 s. The efforts to increase the etching time by lowering the alkali concentration, for more precise 
control of the relief depth, have resulted in flaking of a CGS film from the substrate – it seems that the etching 
type is changing from negative to positive.

The results obtained in studies (by means of atomic-force microscopy) of the surface morphology for the 
recorded grating after the etching process are given in fig. 6.

As seen in fig. 6, etching makes it possible to form on the sample surface a relief transforming a purely 
quasi-phase diffraction structure to the relief-phase hologram. A depth of the formed relief h comes to about 
200 nm.

Fig. 5. Diffraction efficiency of a thin phase grating as a function  
of the phase incursion for the zero-, first-, second- and third-order diffraction
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Figure 7 demonstrates photograph of the diffraction pattern for radiation of a He – Ne laser on the relief-phase 
grating under study after the etching process with the diffraction efficiencies η0 = 47 %, η± 1 = 20 %, η± 2 = 5 % 
for the zero-, first- and second-order diffraction, respectively. 

The surface relief depth h was estimated by comparing measured values of the diffraction efficiency ηk and 
its theoretical values derived from formula (1), considering that modulation of the refractive index of a re-
lief grating is ∆ n = 1.5 (refractive index of arsenic sulfide in the red spectral region n ∼ 2.5). The calculated 
curve for the diffraction efficiency η as a function of the wave length λ, when the grating relief depth equals 
190 nm, is demonstrated in fig. 8. The calculations have been performed taking no account of dispersion of the 
refractive index and modulation of the refractive index within the volume of a grating. Nevertheless, it is seen 
that the selected relief depth agrees both with the experimental data obtained by the method of atomic-force 

Fig. 6. Surface morphology of a sample after the etching process (АFМ): 
а – surface morphology of the exposed sample 3D; b – surface structure profile

Fig. 7. Diffraction pattern on a relief-phase grating after the process of etching

Fig. 8. The diffraction efficiency η1 as a function  
of the wave length λ when a depth of the grating relief is 190 nm
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micro scopy (see fig. 6) and with the measured diffraction efficiencies. Besides, fig. 8 illustrates that an opti-
mum depth of the relief is dependent on the used wave length of laser radiation. It is demonstrated that, with 
the selected relief depth, the diffraction efficiency is at maximum (η±1 ≈ 33 %) for the near infra-red region 
900 –1000 nm. 

Conclusions
Based on the conducted studies, optimal conditions for the formation of diffraction gratings in films of 

arsenic sulfide have been established. It has been demonstrated that at the wave length 488 nm of an argon 
laser optimal exposure comes to ∼ 5–8 J/cm2 but the diffraction efficiency is at a level of ∼1 %. Etching of the 
exposed sample with the use of a solution of NaOH alkali in deionised water and isopropanol offers a signi-
ficant increase in the relief depth and enables one to improve the diffraction efficiency of a thin relief grating 
up to 20 % in the red spectral region. In these conditions passage to the near infra-red region makes it possible 
to reach maximal values of the diffraction efficiency for thin phase holograms. 
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