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Fabrication of Holographic Gratings in As& 
Glass by Photoexpansion and Photodarkening 

S. Ramachandran, S. G. Bishop, Member, IEEE, J. P .  Guo, Member, IEEE, and D. J .  Brady, Member, IEEE 

Abstract-The spatial dynamics of the photo-induced surface 
relief and phase gratings in AS& glass are described. Excursion 
amplitudes up to 150 nm and grating efficiencies up to 27% are 
observed. Depth and resolution limits for the effect are measured 
and a model for the resolution limit is proposed. 

PTICAL ELEMENTS for applications in communica- 0 tions, interconnections and data storage can be patterned 
in chalcogenide glasses by illumination with above band gap 
light, which causes photodarkening [ 11, [2] and photoexpan- 
sion [3]. Photodarkening [4] is a photo-induced red shift of the 
optical absorption edge and is accompanied by an increase in 
the index of refraction in the transparent spectral range below 
the absorption edge. Photoexpansion [4]-[6] is an increase 
in the volume of a photodarkened chalcogenide glass. Stress 
relaxation at the interface between darkened and unexposed 
regions due to volume differences [ 3 ]  can cause expansions 
as large as 2%. Hisakuni et al. [7] used photoexpansion to 
fabricate lenslets on the surface of AszS3 glass. 

The present work uses photodarkening and photoexpansion 
effects to holographically record diffraction gratings in bulk 
A s ~ S Q  glass. Diffraction efficiency measurements and atomic 
force microscope (AFM) images of the gratings demonstrate 
that photoexpansion creates a surface relief grating on the 
glass, while the attendant photodarkening induces a phase 
grating due to index variations under the surface of the glass. 
Measurement of the diffraction efficiency as successive layers 
are removed from the surface of the grating by polishing 
allows us to assess the influence of the index modulation on 
the overall diffraction efficiency and to determine the effective 
depth of the index change induced by the photodarkening 
effect. Theoretically predicted values of Raman-Nath diffrac- 
tion efficiencies were compared with experimentally observed 
values to separately characterize the surface gratings and 
the bulk (index) gratings. Gratings were written for different 
exposures and periods, and AFM images reveal a resolution 
limit of 0.70 pm for the fabrication of surface gratings with 
the photoexpansion effect. Stress analysis models are used to 
explain this resolution limit. To the best of our knowledge, 
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this is the first reported fabrication of surface diffractive optic 
structures using photoexpansion in bulk chalcogenide glass. 
Working in the bulk provides information on index profiles 
at depths well beyond the thicknesses of typical thin films. 
Photodarkening parameters such as the required exposure and 
the maximum attainable index change depend on the thermal 
anneal cycles to which an evaporated or sputtered thin film is 
subjected. However, bulk glasses do not differ in the anneal 
cycles and consequently the photodarkening parameters show 
little batch to batch variation. 

One-inch diameter disks of AszS3 glass, with a thickness of 
1.25 mm, were obtained from Amorphous Materials Inc. [8]. 
Gratings were recorded holographically using a TE polarized 
Argon ion laser operating at X = 514.5 nm. The laser beam 
was spatially filtered and collimated as a plane wave with a 
radius of 1.5 cm. This beam was split into two beams that form 
an interference pattern at the surface of the glass. The stability 
of this set up was measured by constructing an interferometer, 
with a CCD camera measuring the time averaged modulation 
depth for an interference pattern. The visibility of the resultant 
interference pattern, defined as 

where I,,, and I m i n  are the maximum and minimum inten- 
sities on the interference pattern, was 0.60 for a 60 min. long 
exposure. In (l), the symbol ( ) , stands for a time average. The 
absorption coefficient in A s ~ S Q  glass at this wavelength is [9] 
1700 cm-', and is well suited for photodarkening applications. 
The grating diffraction efficiency was monitored using a TE 
polarized He-Ne probe laser operating at 632.8 nm. Light at 
this wavelength is only weakly absorbed (a: = 0.37 cm-' at 
X = 632.8 nm) in AszS3 glass [8] and the probe was highly 
attenuated to avoid influencing the photodarkening process. 
The benign role of the probe beam was confirmed by probing 
recorded gratings with the He-Ne beam over a period of 12 
hours. No change was observed in the diffraction efficiency of 
the gratings. Photodarkening by the He-Ne laser beam would 
have caused a monotonic decrease in diffraction efficiency. 

The first set of gratings was made with a writing angle of 
5.0". For 514.5 nm light, this corresponds to a grating period 
of 2.95 pm. Power densities of the split recording beams were 
identical at 0.17 W/cm2 resulting in a peak power density of 
0.65 W/cm2 in the regions of maximum constructive interfer- 
ence. Gratings with exposure times varying from 5 min. to 60 
min. were recorded. The first-order diffraction efficiency was 
measured during the exposure with the He-Ne probe beam. 
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Fig. 1. AFM scan of a grating, holographically written with a total exposure 
of 2.3364 kJ/cm2. Grating period = 2.95 km. A peak to valley height of 145 
nm was measured and the diffraction efficiency o f  this grating was 27.39%. 

Fig. 1 is an AFM image of a 2.95 pm period grating written 
with an exposure of 2.3 kJ/cm2. The excursion amplitude for 
this grating was 145 nm and a diffraction efficiency of 27.39% 
was observed. Gratings that were fabricated with doses higher 
than 2.3 kJ/cm2 revealed no increase in excursion amplitudes, 
implying that this dosage corresponds to a saturation value. 

To test the resolution limit of the photoexpansion process 
for the formation of surface structures, gratings with periods 
varying from 2.95 pm to 0.38 pm were fabricated. Higher fre- 
quency gratings were obtained by increasing the writing angle 
of the argon ion laser beams. Increases in Fresnel reflection 
were off-set by increasing the exposure times. The dosage 
at regions of maximum constructive interference was fixed 
at the saturation value of 2.3 kJ/cm2. Diffraction efficiency 
measurements at Bragg incidence and AFM scans to measure 
the amplitudes of surface relief were obtained for every grating 
fabricated. Fig. 2 shows line scans through the AFM images 
of gratings fabricated with different periods. Note that the 
excursion amplitude for the relief structure decreases with 
decreasing grating period. Gratings with periods as low as 0.3 
mm (not shown in Fig. 2) had a diffraction efficiency of 0.07% 
but had no measurable surface structure. Previous studies [ 101 
report no evidence of a resolution limit for index gratings 
written in A s z S ~  glass. This suggests that only the surface 
gratings are resolution limited. 

The relief gratings had excursion amplitudes less than 200 
nm and thus could be analyzed as thin [l 13 gratings operating 
in the Raman-Nath regime. The first order efficiency of 
Raman-Nath diffraction for a probe beam tuned to the Bragg 
condition is given by 

77 = J,”P) (2) 

where 51 is the first-order Bessel’s function, and y is the 
grating strength parameter, given by 

(3) 

where d is the thickness of the hologram, An is the amplitude 
of index perturbation, and 6’ is the (Bragg) angle of incidence 
of the probe (He-Ne) beam. For relief gratings, An is the 
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Fig. 2. Line scans through AFM images of gratings fabricated at different 
frequencies. The grating period, A,  is labeled next to each scan line. The 
grating excursion amplitude decreases as the grating period is decreased. 

difference between the indices of air and glass. Values for d 
were obtained from AFM scans. Table I shows the surface grat- 
ing thickness, d ,  and the corresponding theoretically expected 
and experimentally observed diffraction efficiencies for select 
gratings. The theoretically expected diffraction efficiencies are 
calculated from (2) and reflect the expected contribution from 
the surface gratings only. The dose applied for each grating 
is also shown, to differentiate between the three gratings with 
2.95-pm period. Table I indicates that the theoretical predic- 
tions closely correspond to the experimental observations of 
the diffraction efficiency for the three gratings with 2.95-pm 
period. This means that almost all of the diffraction observed 
for gratings with large period is due to the surface gratings 
alone. 

To test the index variation due to photodarkening as a 
function of grating depth, we polished layers off the surface of 
the grating in 2-pm increments. Fig. 3 is a plot of diffraction 
efficiency versus polishing depth for the grating shown in 
Fig. 1. The diffraction efficiency drops sharply upon removing 
the surface layer, consistent with the theoretical predictions 
of Table I that the majority of diffraction observed is due 
to the surface modulation. Since the amplitude of index 
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Fig. 3. Depth profile of diffraction efficiency on 2.95 p m  period gratings 
indicating the existence of a thick holographic index grating. The diffraction 
efficiency drops sharply once the surface grating is removed. Profile indicates 
two regimes of’ index gratings-the saturated index region and a region where 
the index modulation amplitude decreases. 

modulation due to photodarkening is expected to be much 
smaller than that for the surface gratings, the contribution 
to the overall diffraction efficiency due to the index gratings 
is relatively weak. This contrasts with reported values [12] 
of diffraction efficiencies which are as high as 70% in thin 
films of A s 2 S 3  glass. To the best of our knowledge, reports 
of gratings in chalcogenide glasses have been limited to thin 
films where metastable structures can give rise to irreversible 
as well as reversible photo-induced index changes as great 
as 5%. No relief grating structures have been observed in 
thin films. A direct comparison of results in thin films and 
bulk material is obscured by strong dependence of the photo- 
response on preparation technique of thin films. It appears 
that photo-induced index changes are relatively weak in bulk 
chalcogenide glasses owing to a stabler bond structure. The 
relatively slow drop in diffraction efficiency in the intermediate 
region reveals a saturated index front that extends up to 15 
mm beneath the surface. 

The characteristics of the gratings shown in Fig. 2 are listed 
in Table I. The peak to valley height of the surface gratings 
decreases monotonically, with increasing grating frequency. 
No observable surface features were found on gratings with 
periods less than 0.70 pm. Raman-Nath diffraction efficiency 
values tabulated in Table I indicate that the contribution to 
the total diffraction efficiency from surface gratings decreases 
as grating frequency increases. This means that even though 
the relief gratings diminish in strength, increasing grating 
frequency does not decrease the contribution from index 
gratings, consistent with previous observations [ 101 that index 
gratings show no observable resolution limit in chalcogenide 
glasses. Therefore, it appears that the resolution of gratings 
produced as a consequence of the two phenomena, namely 
photodarkening and photoexpansion, are different, even though 
they have the same physical origin. 

The difference between photodarkening and photoexpansion 
is resolved by considering the process of surface dilation. 
While index changes are caused by photo-induced changes 
in local bonds, the surface expansion occurs due to strain 
relaxation over many bonds. The mechanical stress field that 
leads to this relaxation is not limited to the region that was 
irradiated. Hence, the surface dilation extends beyond the 
region that was illuminated. Consequently, when two such 
regions are brought in proximity, the dilations of the two 
regions superpose and the dc value of the surface modulation 
increases. We postulate that in the case of the grating with 
2.95-pm period, the observed 150 nm modulation amplitude 
is superimposed on a dc surface dilation. As the grating period 
is decreased, the degree of overlap between adjacent expanding 
regions increases and in the case of the grating with 0.377-pm 
period, the surface ripple is totally obliterated by this overlap 
and photoexpansion contributes to a dc surface dilation only. 

In summary, we have used the photoexpansion effect to 
demonstrate fabrication of surface grating structures in chalco- 
genide glasses with peak to valley heights of up to 150 nm. We 
determined a resolution limit of 0.70 mm, for grating structures 
written at saturated exposures of above band-gap light for 
AsB& glass. The exposure dependence of the height and lateral 
spread for relief grating structures has been explained using 
the photoexpansion effect in conjunction with a model for 
stress relaxation. It is found that mechanical stress relaxation 
phenomena play an important role in determining the height 
and locality of surface expanded structures. 
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