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Light-induced relief gratings and a mechanism of metastable light-induced expansion
in chalcogenide glasses
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We report on a metastable light-induced volume expansion i,G8a,, Sss glasses under irradiation
with band gap(UV) light, which can result in recording of relief gratings on their surface in the case of
irradiation with two interfering beams. We propose a mechanism for the expansion, which is based on the
light-induced change in the polarizability of secondargn der Waals typebonds and the effect of this change
on primary(covalent typgé bonds of the glass. The effect is suggested to be due to an interference of electrons,
which belong to a chalcogen atom and participate in the formation of secondary and primary bonds, respec-
tively. We suggest that a minimum point of the Lennard-Jones potential, which corresponds to the equilibrium
position of a chalcogen atom is shifted in the course of irradiation to a larger interatomic distance. This shift
causes a volume expansion and allows a diffusion of chalcogen atoms into the irradiated area. We show that
light-induced polymerization of the glass network is an important attribute of the light-induced volume expan-
sion.
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I. INTRODUCTION the metastable volume change. The interaction is suggested
to be due to an interference of electrons, which form primary
Chalcogenide, especially sulfide and selenide, glasseand secondary chemical bonds, respectively; similar to an
show a metastable volume expansi@msome cases a con- interference of electrons that was discussed in Ref. 7. We
traction in the course of irradiation by the visible or UV discuss the origin of high diffusivity of sulfur in the irradi-
light.'=> Recently it was shown that in arsehiand in  ated area baseq on thg consideratio_n of the Lgnnard—Jones
germaniurd* sulfide glasses and in glassy and crystallinePotential for the interaction of sulfur with surrounding atoms,
seleniun® the magnitude of the effect can be much larger ifwhlch changes in thg course of irradiation. S|m|I§\r cqn5|der—
a micron-size laser bedm® or two interfering beanfsare ations may be _appllca_ble .for the metastable Il_ght—lnduce.d
used for irradiation of the sample. The metastable volum&©lUme expansion, which is observed in selenides, and in

expansion profile reproduces the transversal distribution ofome Po'y“?ef ﬁl_m§.|n polymers,_the light-induced change
the intensity of the inducing single beam or of the spatialm the polarizability of hyperpolarizabler bonds can be re-

patterns of two interfering beams. Consequently, micro—Spons'bIe for the effect.

lense$ or profile gratingécan be fabricated on the surface of
the sample without any intermediate steps, such as etching. Il. EXPERIMENT

In ad(_jltlon_, thg effect of the expansion is _thermally Glass samples were prepared by melting the high purity
reversible! i.e., it can be removed after annealing of the glemental compoundéGe, Ga, As, and )Sin quartz am-
sample near to the glass transition temperature. A thermallr;omes evacuated up to 1®Pa and sealed with a torch. A
irreversible component of the metastable photoexpansiogjstillation of compounds was carried out in a closed system.
was also reportedilt is similar to the thermally irreversible Following 6 h melting at 900 °C, the ampoule was quenched
component of photodarkening or photobleacinghich  in water and annealed at 400 °C, which is near to the glass
usually accomparlythe metastable light-induced expansion. transition temperature. Glass rods about 60 mm length and
The previous papé&dealt with experimental characteriza- 10 mm diameter were obtained after cutting the ampoules.
tion of the metastable light-induced volume expansion in GeX-ray analysis and scanning electron microscopy confirmed
Ga-S and Ge-Ga-As-S glasses such as reciprocity low bedtreous character and homogeneity of samples. 2 mm thick
tween the power density of irradiation and exposure time. Irsamples were cut and polished to the optical quality.
this paper, we aim at the elucidation of the mechanism for A modification with gallium is used to improve the glass
the metastable expansion in these glasses. We suggest tlséability of germanium sulfide glasses. It is reported that the
secondary chemical bonds with a high polarizability, such a$6,:Ga;Sgs composition lies in the center of the glass-
van der Waals bonds, and the light-induced change in theiiorming region in the ternary system Ge-G&-On the other
polarizability are responsible for the effect of the metastabléhand, we have observed a decrease of the amplitude of light-
expansion. An interaction of these bonds with primary strongnduced relief gratings with varying the glass composition
(covaleni bonds is suggested to determine the magnitude o&round GesGa;Sgs (€.9., with varying a Ge/Ga ratio or with
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FIG. 2. The kinetics of the diffraction efficiency of relief grat-
ings recorded in the same conditions as in Fig) &nd probed with
a cw He-Ne laser at 633 nm. A power density of interfering UV
beams is indicated in the inset.

photoinduced increase in the relieves height as it was con-
firmed by a stabilization of the diffraction efficiency. A di-
rect measurement with a profilometer showed that after a
FIG. 1. Microphotographs of the surface @) 2 mm thick completion of the photoinduced increase in the relieves
GesGaypSes glass sample in the aréq) irradiated by two interfer-  height the maxima of relieves were 0.095 micron above and
ing beams of a cw A laser (\=351nm, P=0.75W/cnf each  minima 0.095 micron below the unirradiated part of the sur-
with an interference angle between beams equal to 3°. Pattern spaggce. Hence the total depth of the relief grating was 0.19
ing is equal to 1.5 micron; the depth of relieves is equal to 0.19yjcron. When this grating was given to the heat treatment
micron. (b) In the same area after annealing for 20 min at 380 OC-for 20 min at 380°C, i.e., 20°C below the glass transition
temperature, the cracks on the surface appeared as it is seen
an addition of A% Therefore we carried out experiments jp Fig. 1(b). A further heat treatment for longer than 1 h
mostly on GegsGa;Sss glasses. resulted in the disappearance of the cracks and a restoration
A cw Ar* laser beanfa =351nm, up to 15 W/cR) was  of the flat surface as it was confirmed using a profilometer.
used for recording the gratings. The laser beam was dividetthe procedure for inscription and annealing of the relief
in two beams of equal intensities by means of splitter andyratings was repeated many times without a decrease in the
mirror. These two beams were interfering on the glass suramplitude of the volume expansion. This means that the
face. The angle between the beams was equal to 3°. A relighetastable light-induced expansion is a thermally reversible
diffraction grating was recorded on the glass surface witheffect, similar to the thermally reversible photodarken-
fringes parallel to the surface. A profilometer was used foling/photobleaching.
the direct measurement of the height of relieves. The kinetics Figure 2 shows the kinetics of the diffraction efficiency in
of the diffraction efficiency were probed with a cw He-Ne the same sample as in Fig. 1. The kinetics was probed with a
laser beam X =633 nm) incident orthogonal to the surface. cw He-Ne laser at 633 nm. It is seen that the optimum power
The He-Ne laser beam could not affect the grating efficiencyjensity was equal to 3 W/chwhen the kinetics was mo-
since an absorption coefficient of samples was negligible atotonous and the diffraction efficiency reached the largest
633 nm. value. The kinetics was nonmonotonous and sometimes even
The refractive index of samples was measured by an eloscillating at lower and higher power density of interfering
lipsometer(SOPRA Spectroscopic Ellipsometer ESV®  peams.
the range 300—900 nm. The measurements were taken in the We have examined the morphology of the irradiated glass
center of the irradiated spot on the sample surface. surface. In the case presented in Fig. 1, the EDX analysis
indicated an increase of the sulfur content in the maxima of
relief gratings up to 80% by atomic weight, while the amount
of sulfur in the minima was decreased down to 50%. An
A typical microphotograph of the recorded relief grating irradiation did not affect the Ge/Ga ratio indicating that Ge
on the surface of the Ge-Ga-S glass is shown in Fig).1 and Ga atoms did not diffuse.
The microphotograph was taken after a completion of the We have measured metastable light-induced changes in

Ill. RESULTS
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23 ' ' " ' ' cable to the case of inhomogeneous medium consisting of
" before exposure phases with different electronic absorption edges because the
&%  —° after exposure e . . . -
22§ . position of the absorption resonance is not uniquely defined.

The presence of the G5, phase(a partial phase separa-
tion) can explain anomalous dispersion in Fig. 3. EDX mea-
o surement (mentioned above confirms the presence of
Ge,pSsp phase in the irradiated area. In our opinion, the
anomalous dispersion in Fig. 3 confirms the light stimulated
diffusion of sulfur.
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IV. DISCUSSION

1.8

We attempt to give a qualitative explanation to the light-
induced volume expansion based on a specific anisotropic
chemical bonding in chalcogenides. Chemical bonds in chal-
cogenides comprise of strong intramolecular covalent bonds

FIG. 3. The dispersion of the refractive index in the,f88,;S;s  (primary bonds which are due to bindirggp hybridized
glass sample befoigriangles and after(circles a 30 min exposure  electrons of chalcogen atgnand weak intermolecular van
to the single cw Af laser beam aP= 1.5 W/cn¥, A =351 nm. der Waals type bondésecondary bonds which are due to
lone-pair p-electrons of chalcogen atgnsee, e.g., Refs. 7

the absorption coefficient and refractive index that usuallyand 12.(This is except ;or Te-based chalcogenides where
accompany the light-induced expansion in chalcogenided?0nds are mostly metallicand perhaps therefore no meta-
We found a shift of the absorption edge to the shorter waveStable light-induced volume expansion has been reported in
lengths(photobleachingafter irradiation of our samples. We them)_ ] ) ) )
observed oscillations of the transmission at large power den- An interatomic potential, which we assume is a Lennard-
sities similar to that which was detected in Gegasses in  Jones potentialsee, e.g., Ref. 13for interaction of sulfur
Ref. 10. We found a negative change of the refractive indeXVith surrounding atoms can be written as follows:
in the irradiated area. The oscillations of the absorption co- 5
efficient and the respective oscillations of the refractive in- AU= B A(e’) R
dex can be responsible for the oscillations of the diffraction R R® -
efficiency seen in Fig. 2. The value of the diffraction effi-
ciency in Fig. 2 is determined by contributions from the A minimum point of this potential corresponds to a balance
space modulation of the surface relief and refractive index.between an attraction van der Waals type foteeA/ RS
Figure 3 shows a dispersion of the refractive index in theterm) and a repulsion force related to an overlap of electronic
Ge-Ga-S glass sample before and after exposure to the imave functionsB/R*? term). ParameteA is proportional to
ducing cw Ar* laser beam. The dispersion curve before ex-the squareof the electronic polarizabilityy,* what is basi-
posure of the sample had a pronounced maximum of theally used in our approach. This potential is rather aniso-
refractive index at 330 nm. A change of the dispersion curvdropic in chalcogenides because both primary and secondary
was observed after irradiation: the maximum became weakonds contribute to it. Polarizability of weak secondary
and shifted to 400 nm while a subtle increase of the refracbhondsag is much larger than polarizability of strong primary
tive index with wavelength was detected in the red part ofoondse,: (as>«ap), therefore the light-induced change of
the spectrum. The shift of the maximum to longer wave-a; will be larger then the change aof, (Aas>Aa,).
lengths and its weakening perhaps indicates that, in addition Since a remarkably large negative photorefractidm (
to the shift of the absorption edge to the shorter wavelengthsy —0.2) is detected in our experiments, see Fig. 3, an aver-
the edge also became less stégmllowej. The increase of aged electronic polarizabilitywhich is mostly due toas,
the refractive index with wavelength in the red and infraredsince as> ;) decreases with irradiation as the mechanism
parts of the spectrunfanomalous dispersiorseems to be of photorefraction is primarily related to the light-induced
surprising however this result was reproductive. We guesshange of the electronic polarizabilit§ Whereby an attrac-
that this anomalous dispersion is due to unhomogeneity dfon term in Eq.(1) becomes weaker and first of all it be-
the glass structure after an exposure, which can be expectedmes weaker in the directions where it is due to weak sec-
due to a diffusion of sulfur and a respective phase separatiomndary bonds. A minimum point of the Lennard-Jones
It is known that the sulfur deficient pha8Be;;Ss,, rock salt  potential shifts with irradiation to a larger distance between
structurg is a metastable phase and it has a crystallinesulfur and its ligands to which it is linked by secondary
counterpart! The electronic absorption edge of &8, bonds. Since the similar process occurs in the environment
glass(which is of black coloy is well shifted to the red, and of all sulfur atoms, the metastable expansion of the glass
even to the infrared, as compared to the electronic absorptiovolume proceeds on a macroscopic scale.
edge of sulfur enriched germanium gallium sulfide glasses We suggest that a magnitude of the expansion is restricted
(which are of yellow color!' The relationships, such as by the strength of the interactiofiegree of interferendp
Kramers-Kronig and Wemple-Di Domenico, are not appli- betweens-p hybridized andp-electrons participating in the
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primary and secondary bonds, respectively. Specifically, irthe presence of two metastable states in the glass structure,
the case of our Ge-Ga-S glasses, light-induced weakening ivhich differ by anisotropy and chiralit}?*° Light-induced
the secondary bonds should result in strengthening of thaunnelling of an over-coordinate@hotoexcitedchalcogen
primary bonds as it is argued in Ref. 7 whereby limiting aatom was proposed to be in the origin of photoinduced an-
magnitude of the glass network expansion. The symmetrysotropy. The similar motion can be responsible for the dif-
and parity of electronic clouds participating in secondary andusion of sulfur in our model for the metastable light-induced
primary bonds centred at the chalcogen atom have a primamgxpansion where an over-coordination of the chalcogen atom
effect on the character of their interaction via interferenceis due to the presence of secondary bonds of van der Waals
The degree ob-p hybridization, which is determined by a type (normal coordination of the chalcogen atom is equal to
specific structure of the glass netwdrlamely by a structure 2 and it is determined by the number of strong covalent
of sulfur Site$ is to determine the magnitude and the Sign Ofbonds; see, e.g., Refs. 7 and)_lWe suggest that photoex_
the volume change and photorefraction. o cited sulfur atoms will diffuse with high probability into
Contrary to Ge-Ga-S glasses, a metastable light-induceghids, which appear due to the expansion of glass network in
expansion with small positive photorefractionAr{  the vicinity of low-coordinated sulfur atoms. This will result
=+0.01) is reported in the AS; glass(see Ref. 2 and ref- i the creation of new S-S bondsr in other words, in a
erences therejn Therefore, we are to assume light-inducedpolymerization of the glass netwdrin the irradiated area.
strengthening of the secondary bonds in the éaBee rea-  Such a polymerization explairsee, e.g., Ref.)éthe effect
son for this Contrary behavior can be in the difference Ofof photob|eaching, which accompanies a g|a_ss network ex-
sulfur sites in germanium and arsenic sulfide glasses reSU'bansion in the case of our glasses.
ing in a different character cd-p hybridization.(While the An importance of light-induced polymerization of glass
structure of AsS; glass is dominated by As-S-As-S rings network in the effect of light-induced expansion is indicated
with bridging and nonbridging sulfur atomié;°the structure by the fact that the largest expansion was observed in the
of stoichiometric germanium sulfide glasses is dominated byse,.GaS;s glass. An enrichment of this compound in sulfur
GeS§ tetrahedrasee, e.g., Ref. 16 and refs thegeand the  (jike in the ridges of photoinduced relieyesr germanium
structure of Ge-enriched germanium sulfide glasses is domjiike in the valleys of photoinduced relieyesults in poly-
nated by Ge-S-Ge-S chaifis:® Strengthening of secondary merization of glass networfcreation of S-S-$Ref. 16 and
bonds should result in weakening of the primary bdvdsat Ge-S-Ge-SRefs. 11 and 16chains, respectivelyand sup-
can result in the volume expansidrNoteworthy, the non- pression of the light-induced expansion. A substitution of Ge
monotonous kinetics of the light-induced volume expansiorfor As also results in polymerization of glass netwdcke-
(an expansion at the first stage and then a contracti@s  ation of S-As-S chainsdue to lower coordination number of
observed in AsS; films.}” The nonmonotonous kinetics of As(3) as compared with Géd). Finally, GgGa,Sss com-
the expansion at some power densities of the light is alspound with x+y=35 is a least polymerized compound
evidenced in some of our experiments; see Fig. 2. A noNMoamongst Ge-Ga-S glasses due to the presence of “ethan-
notonous character of the light-induced volume change cayje” Ss-Ge-Ga-§ units?® Therefore we conclude that a
be due to instability of a balance between primary and secsmall degree of the glass network polymerization is a prereq-
ondary bonds that may alter in the course of irradiation. Ayisite for its efficient light-induced expansion, which is ac-
shallow Well(or even presence of two We’lm the Lennard- Companiedand maybe is due ldight_induced po|ymeriza_
Jones potentiall) is a prerequisite for the nonmonotonous tion of the glass network.
behavior of the expansion. Light-induced polymerization of chalcogenide glasses is
Regarding our experimental data about enrichment withknown to be thermally reversibfe?! therefore the light-
sulfur in the maxima of relieves, we note that weakening oOfinduced expansion is also thermally reversible, in agreement
secondary bonds centered at sulfur atom can result in thgjth our data®. We suggest that the thermal reversibility can
movement of sulfur atom to the free volume, which appearge due to similar binding energy of SF50.9 kcal/mol(Ref.
in its environment in the course of the light-induced expan-20)], Ge-S[51.7 kcal/mol(Refs. 20 and 24, and Ga-$§55.2
sion of the irradiated area. Furthermore, the diffusion of sulycal/mol (Ref. 22] bonds, where binding energy is calcu-

fur into the irradiated area from the unirradiated Surroundingated based on values of Sing'e bond Strength and electrone-
can be a self-accelerating process since an enrichment P’mivity of respective atom?s.
y

sulfur results in the extra secondary bonds and consequent

in an accelerated light-induced expansion of the glass net-

v_vork. The micron scalt_a size of the |rrad|_ated a_taa men- V. CONCLUSION

tioned in the Introduction, see Refs. 2-8 an important

aspect of the expansion process, because no efficient diffu- We presented experimental data on the new effect: light-

sion of sulfur from an unirradiated area into an irradiatedinduced relief gratings on the surface of Ge-Ga-S bulk

area may proceed on the larger scale. Therefore the relatigdasses produced by an interference of two UV laser beams.

volume expansion of chalcogenides is much smaller when e suggested the microscopic mechanism for this effect

is induced by millimeter scale bearhs. based on the interference of thpeands-p hybridized elec-
Photoinduced anisotropy is observed in sulfitheluding  trons centered at the chalcogen atom and participating in the

Ge-Ga-$ and selenide glasses when irradiated by polarizedormation of weak van der Waals typeecondary and

or unpolarized light; see e.g., Ref. 18. This effect is based ostrong covalen{primary) bonds, respectively. The diffusion
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