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The effect of laser and ion irradiation with 180 keV deuterium ions on freshly deposited 
and aged amorphous selenium films has been studied by optical transmission and x-ray 
diffraction measurements. The ion irradiation was found to cause amorphous-amorphous 
structural transformations and enhancement of the crystallization rate, similarly to He-Ne 
laser irradiation. 
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1. Introduction 
 

Amorphous and glassy chalcogenides exhibit various structural changes under the action 
of light of photon energy comparable with their band gap [1]. These structural transformations 
cause changes in optical, electrical and other physical and chemical properties, which can be 
utilized in optical recording, fabrication of passive optoelectronic elements and other technological 
fields [1-5]. Thanks to it these phenomena have attracted significant attention from both the 
fundamental and applied science during the last three decades and by now their nature has been 
revealed experimentally rather well, though the mechanism is still a matter of debates [6].  

Similar effects can also be induced by high energy ionizing irradiation (γ-photons, 
electrons, ions) [7-12]. For instance, recently it was demonstrated that in As2S3 and AsSe thin 
films irradiation with 40-180 keV H+ and D+ ions produces structural and optical changes very 
similar to those induced by visible light [11,12]. There is far less information about the high 
energy irradiation induced effects than about those induced by band gap light. Further 
experimental work is needed to reveal this group of phenomena. This paper is devoted to the 
experimental study of the effect of ion irradiation induced structural transformations in amorphous 
selenium thin films by means of optical and x-ray diffraction measurements. 

 
 

2. Experimental 
 

The samples used in this study were 1 µm thick amorphous selenium thin films prepared 
by vacuum thermal evaporation of 99.999 % pure elemental selenium onto borosilicate glass 
substrates (Corning No 7059). The substrates were held at room temperature during the deposition. 
The pressure of residual gases in the deposition chamber was 2 × 10–5 mbar. The film thickness 
was determined from the interference fringes of the optical transmission spectra. 
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The samples were divided into two groups. The samples A were irradiated and examined 
in two days after preparation, while samples B were subjected to the same investigations after one 
month of room temperature storage in dark. 

The irradiations were carried out with a 200 keV linear accelerator at the Institute of 
Experimental Physics of University of Debrecen with 180 keV D+ ions with 1012 ion/cm2s ion 
fluence rate. The setup of the irradiation chamber is shown in Fig. 1. The sample was tilted in a 
45º angle relative to the ion beam. From the bottom side a low power density He-Ne laser beam 
(the beam of a 5 mW laser attenuated by a neutral filter) was introduced to the chamber to measure 
the kinetics of the transmission change of the film during the ion irradiation. For comparison the 
kinetics of the photo-induced transmission change has also been measured in the same setup. For 
this the filter was removed and the laser beam fell directly to the sample with 0.3 W/cm2 power 
density. 

The x-ray diffraction measurements were carried out with the help of a Siemens 
diffractometer (Cu anode, θ-2θ geometry). 

 

 
 

Fig. 1. The scheme of the experimental setup used for the optical measurements. 
 
 

3. Results and discussion 
 

In Fig. 2 is shown the transmission modification  of the samples during the ion irradiation 
versus the ion fluence. In the Fig. 3 the kinetics of the photo-induced transmission change isare 
shown for comparison. To help the comparison, the energy absorbed by the films is represented on 
the upper horizontal axis in both figures. One can see at once that the character of the transmission 
change caused by ion and laser irradiations are quite similar, and essentially agrees with that 
reported in [13]. 

The darkening has two components – a faster and a slower. The faster one saturates at about 
20 J/cm2 exposure and causes about 10-15 % decrease in transmission. This corresponds to photo-
induced structural transformation within the amorphous phase. Since the glass transition 
temperature of selenium is close to the room temperature (Tg ~ 314 K), this change is not stable. If 
the irradiation is interrupted at this stage, the self-annealing rapidly restores the transmittance to its 
initial value. This is followed by a slower darkening, during which the transmission can decrease 
down to 5-10 % of its initial value. This slower darkening corresponds to crystallization of the 
film. Clear evidence for the crystallization can be seen in the x-ray diffraction spectra taken before 
and after the irradiations (see Fig. 4). In the freshly prepared samples the two components can be 
well separated, the crystallization is relatively slow and preceded by a nucleation period. (In ion 
irradiated samples A only the very beginning of this slower darkening was observed in physically 
reasonable irradiation time). In contrast, in samples B the two processes are hard to separate, the 
crystallization starts together with the darkening related with the amorphous-amorphous structural 
transformations. This is because in samples B the nucleation has already taken place during the 
one month storage and after that the crystal growth during the irradiation can be rather fast. The 
x-ray diffraction proves that the samples B were not perfectly amorphous before the irradiation, as 
small diffuse peak was observed at 23.5 º. 
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The x-ray diffraction spectra supply us with some more information. First of all, the 
crystalline phase can be identified as hexagonal selenium. The fact that in the spectra of the laser 
and ion irradiated samples only the 100 peak at 23.5 º is observed means that the Se chains 
orientate parallel to the film surface, which is typical for the laser crystallized Se films [14,15]. 
The spectrum of the control sample annealed at 200 ºC contains also the 101 (29.7 º) and higher 
order peaks, though the relative intensity of the 100 peak is still higher than in the spectrum of the 
powder sample. 

It is interesting that the ion irradiation apparently enhances the crystal growth more 
efficiently then the laser irradiation – for laser irradiation about an order of magnitude much 
absorbed energy is needed than for the ion irradiation to reach the same crystal fraction. This may 
be because the ions energy is absorbed with the same efficiency in the amorphous and crystalline 
parts, while the light is absorbed much more effectively in the crystalline parts. 
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Fig. 2. The relative transmission change of Se films during D+-irradiation. 
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Fig. 3. The relative transmission change of Se films during laser irradiation. 

 
The above presented results demonstrate that the effect of ion irradiation with medium 

energy light ions causes similar optical and structural changes in amorphous selenium films as 
does the irradiation with band gap light. Particularly, at lower fluences (~ 2×1014 ions/cm2) 
reversible structural transformations within the amorphous phase are observed, while at larger 
fluences crystallization takes place. Regarding to the structural transformations within the 
amorphous phase it is in good agreement with our previous observations of the similarity of effect 
of light and ion irradiation on the structure and optical properties of As2S3 and AsSe films [11,12]. 
Having in mind the recently observed the similarity of the effect of light and ion irradiation on the 
interdiffusion in Se/As2S3 and As0.2Se0.8/As0.2S0.8 multilayers [16], the common ability of the light 
and ion irradiation to enhance the crystallization rate of selenium suggests that this similarity is not 
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limited to the amorphous-amorphous structural transformations, but has more general validity. 
Probably within certain limits it is not really important how the local structure becomes excited. 
After it becomes excited the atoms start moving in a way predetermined by the structure itself. 
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Fig. 4. The x-ray diffraction spectra of variously treated samples. 

 
4. Summary 
 
Laser and ion irradiation induced amorphous-amorphous structural changes and 

crystallization have been observed in amorphous selenium films. According to the comparative 
optical transmission measurements the light and ion induced changes are similar, though the light 
enhances the crystallization rate less efficiently than the ion irradiation because of the high 
absorption of the crystalline phase. The stimulated crystallization rate is strongly influenced by the 
ageing of the Se film. 
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