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Preface

Amorphous chalcogenide materials are compositeslioys of VI-group
elements (selenium, sulphur or tellurium) with otleéectropositive elements. These
materials are in the front of the main interestusfdamental materials science, applied
research and developments. Selenium itself is & kmglwn material for modeling
stimulated structural transformations and electrole processes in disordered solids,
and has been used as a photosensitive semicondudiffierent devices for almost one
hundred yearg§l]. During the last few decades some complex adudnides based on
As(Sh,Ge)-S(Se,Te) systems have been developednaestigated (see for example
[2]). By changing the composition, a wide rangetlmérmodynamical, mechanical,
electrical and optical parameters can be achievedthese wide band gap
semiconductors, which in turn determine applicaionphotonics, micro- and last time
even in nanoelectronics [3].

Amorphous semiconductors belong to the class affdéed solids which exist
in a non-equilibrium thermodynamical state. Accogly, their flexible structures are
readily affected by external influences, such gistjiheat, e-beam or pressure, resulting
in different metastable states and related chaof#fse above mentioned parameters.
Such changes can be reversible or non-reversitipg from amorphous to
amorphous state or from amorphous to crystallires depending on the composition,
structure, technology or type of excitation.

The progress of materials science towards nanotéatiy and nanostructures
has affected chalcogenide research. CdS nano@ystalglass matrix were among the
first nanocomposites used as optical filters artiqudarly chalcogenide glasses (ChG)
were used in the re-writable optical discs and mgnetements. Size constrictions in
one-, two- or three dimensions can change the thdynamical and mechanical
parameters, as well as optical and electrical cbaratics in spite of the more or less
disordered structure of ChG [4].

Nanomultilayers (NML) made of crystalline materiaby basic epitaxial
technology [5] are among the best artificial namoposites, used widely as
superlattices. On the other hand, NML produced fanmmorphous chalcogenides by

different vacuum deposition techniques are in thgesof intensive investigation [6, 7].



Multilayers give a new, additional degree of fremdfor tailoring the structure and
physical properties. These include micro hardnemsguctivity and optical parameters;
however, new composites can also be created, venedifficult to produce by simpler
synthesis methods.

Intermixing and interdiffusion processes are ddeditaand even unique in
tailoring the properties of NML, if one influencéisem through special treatments.
Simple concentration gradients or further excitaican induce diffusion between the
layers in NML. Investigations of induced interdéfan in nano-multilayers are
beneficial for fundamentals of materials sciencenahoscale, and have potential
applications in optical recording, fabrication gitical elements with spatial phase or
amplitude modulation reliefs.

At present most of the photo-induced structurbbnges in amorphous
chalcogenides are supposed to be related to aielotile excitation, defect creation and
atomic displacements, nevertheless the exact mmchais still not properly
understood. Induced changes in chalcogenide migtetldn layers or multilayers,
caused by different excitations seem to have soonenon origin. However, it is a
complex process which includes several effectsh sag charge generation, defect
creation and bond-switching, photo-induced plasti@xpansion or contraction, micro-
hardness change and change of optical, electrigednpeters, photo-oxidation and
appearance of internal repulsive or attractivedsrdue to electrostatic interactions of
charged defects.

The goal of our work was to clarify and separatecpsses which determine
stimulated changes of volume and/or optical pararsein selected amorphous
chalcogenide layers and nano-multilayers. The kadgd makes it possible for us to
design and apply optical or geometrical reliefsdoiced by light or e-beams to

elements of photonics [8].



1. Introduction

Glasses are, by definition, non-crystalline soligsich are described as a
separate discipline in solid state physics. Nowaddney are widely used in many
industrial and laboratory applications. Glasses bandivided into several groups.
Among the most common ones are oxide glasse®:(B5i0,, GeQ, P.Os), halides
(BeR, ZnCh, ZrF,), metallic glasses (compounds based on Au, Ag, Bp,and
chalcogenide glasses (compounds based on S, 88,A%5;, As,Se, GeS).

In the 1950s, professors Goryunova and KolomietheatA.F. loffe Physico-
Technical Institute in Leningrad found semiconductbehaviors of electrical
conductivity in the ternary alloyed amorphous cbgknides [9]. Chalcogenide glasses
or, more generally amorphous chalcogenides arekalgan as excellent materials for
optoelectronics. Their properties are easily tumatdt only by technology but also by
external excitations such as light, e-beam or atberces of energy. Many applications
based on ChG have recently appeared on the matat,as DVD discs, solar cells or
memory elements, monitors, etc. The new technolmped applications serve as a
driving force for investigations of these materiadince their properties hide many
prospective opportunities in different fields oetonics, as an active media of optical
or optoelectronic devices.

The interest in amorphous materials is caused bywtide range of tunable
properties and comparatively easy technologicaleiss Samples can be prepared by
liquid phase processing and thermal vacuum evaparasputtering or deposition
techniques onto different substrates. Key chamsties like electrical conductivity,
refractive index and others often are quite unignd depend on the composition,
fabrication technologies or sample preparation tmmg. Thus, in the same material
one can observe different and sometimes even dppeféects which can be reversible
or non-reversible (crystallization/amorphyzatiorght induced darkening/bleaching,
volume changes, softening/hardening).

The transition of technology towards chalcogeniddtitayers or nanolayered

structures (NLS) with compositional modulationstlie 3-20 nm range opened a new



chapter in the investigation of amorphous chalcagEn When the modulation period
of layers falls in the range of few nanometerss thtchnique opens new possibilities for
tailoring the properties, and for the developmdrasic theories and applied solutions
for photonics and electronics.

There exist numerous descriptions of mechanismsnaodels of metastability
and structural transformations in amorphous chaoimes; however, they are still not
complete or are even contradictory. The presensigheontains new results and
conclusions which have been drawn on the basisyoinwestigations of nanolayered
chalcogenide structures as well as their sepamatgponents. The obtained results give
us a new insight into the mechanisms of stimulétadsformations and characteristics
of the metastable solid amorphous chalcogenidedaged structures. They may serve
as a basis for some novel applications for proiatyplements of optoelectronics.

The research on ChG based NLS has started withestud chalcogenide-
chalcogenide structures like Sef8s Ge/Se and CdS/Se [10, 11]. Continuing this
trend, we devoted our attention to the metal/clgdoade structures like Sb/As-S(Se)
and to the NLS fabricated from Ge-based ChG. Fa@te additional problems of the
fabrication technology were solved. These involfigther development of a computer
driven vacuum evaporation equipment and applicaifgoulsed laser deposition (PLD)
technology. We compared metal/ChG NLS with basaladgenide/chalcogenide NLS
like Se/AsS;, as well as with properties of some component rigdgéein separate
layers. These experiments give us new insighttimtdoehavior of glasses at nanoscale,
interdiffusion mechanism at nano-interfaces, indugelume changes and parameters
of direct surface optical and/or geometrical relie€ording. The main interest of our
work was the comparison of light- and e-beam rekebrding. We found the common
characteristics in structural transformations iretludy different external sources of

energy,and in addition we developed a direct e-besmording in these materials.



2. Bibliographic overview

2.1. Structure and properties of amorphous
chalcogenides

Amorphous materials are characterized by the foligvieatures:

1. absence of direction of any feature dependence;
2. arbitrary surface at the edge of breaking;

3. absence of crystalline phases included in the velum

Amorphous materials, as gases or liquids, aredpimr Based on electrical properties
amorphous solids are classified as metals, semimboid or insulators. Among these,
amorphous semiconductors have attracted consiéeraliention due to their
significance in many diverse applications [1Zhe term “amorphous” is frequently
used instead of the terms “glassy” or “non-crysiall. Very often an amorphous
material means a metastable thin solid film. Iprepared from a glass which is a
viscous supercooled liquid formed by continuousnghéng of a melted material. An
ideal glass or amorphous material is a solid indtage of internal equilibrium. This
equilibrium state is characterized by a definiteadeequilibrium positions about which
the atoms are continuously oscillating. The deteatibn of the equilibrium state
shows that in amorphous materials the distanceseleet atoms have statistically the

same magnitude as in the crystalline materialsufeid..1).

Figure 1.1. Equilibrium ordered states of atomerystalline material (a) and in its

amorphous phase (b) (after Zachariasen [13]).



Chalcogenide materials are compounds, alloys or posites containing
elements from Group IV of the periodic table belaxygen, e.g. sulphur, selenium and
tellurium. A focused interest emerged to these r@$ein a glassy state after
investigation of glassy selenium and its semicotidgc properties. These were
established first by N.A.Goryunova and B.T.Kolomigh the 1950s for arsenic
sulphide glasses which are optically transparerd wide IR region. In comparison
with oxide glasses, these materials are charaetefiy increased thermal expansion
coefficient, increased thermal coefficient of refian and optical nonlinearity
constants, and well defined p—type conductivitye Thechanical properties, thermal
and chemical stability of chalcogenide glassesvavese in comparison with oxide
glasses. These differences are mainly attributddeeculiarities of atomic bonding,
presence of special defect states and unidiredtichain-like or layer-fragment
structural elements [14]. The last specific featoaeises some important deviations
from the general definition of the glassy stateegiat the beginning of this chapter.
Certain ordering occurs for example under the enfte of polarized light [15]. It can
be one of the basic moments of directed mass toaisgs will be discussed later in
more detalil.

Binary chalcogen-containing alloys exist both nystalline and amorphous
phase. Glassy compounds in the most investigate8(86) system are produced by

melting-quenching technique.

Figure 1.2. Glass formation region in As-S-Se syistafter Borisova [2])



They arecharacterized by a wide glass-forming region, aswshin figure 1.2.
Amorphous films are usually prepared by vacuum eratpon, sometimes by
magnetron deposition or very rarely by precipitatimm solutions.

The glassy (amorphous) state conserves the s r@rder (SRO) in the 0.3-
0.5 nm range. In this rangde atomic structure is almost uniform and contains
elements of ordered structure of the nearest dlipgtacounterparts. In the case of
dominantly covalently bounded amorphous solids, SROdescribed by local
coordination polygons, e.g. pyramidal As% As,S; or tetrahedral Geg3n GeSe. The
coordination numbeN, of nearest neighboring atoms, the relative distaaicd the
angles between them describe the topological SRéhaduld be mentioned that in this
picture of SRO the detailed feature information wbimterconnections of structural
elements is absent. In many amorphous materiggcesdly in chalcogenide glasses,
such order shows up in longer distances. This éssih called medium range order
(MRO) which extends up to the 0.5-1 nm range. MROdéfined by the type of
interconnections of structural elements and thelative orientation. For disordered
materials the long range order (LRO) is absent, agprphous chalcogenides have no
translational symmetry.

The energy band-structure of crystalline materisla main concept in solid
state physics. Electric, photoelectric or opticabperties based descriptions of
crystalline semiconductors are elaborated in taméwork of energy band models. A
direct consequence of the translational order & the allowed energy states form
bands, which are separated by regions of forbidshemgy states. But amorphous solids
lack this kind of order and are only characteribgdVIRO or SRO. Hence, concepts
which are based on the Brillouin zone, the Blochetion or the periodical potential
cannot be straightforwardly transferred to amorphomnaterials. Nevertheless
investigations by loffe, Weaire, Thorpe, Mott, Anglen and others revealed that many
of the fundamental properties such as the existehdesulators, semiconductors and
metallic glasses, the optical absorption edge, Amghenius nature of electrical
conductivity, etc. are common to both crystallined eamorphous solids [16]. This
shows that these physical properties are assocmtadthe SRO and/or MRO rather

than the translational periodicity. Anderson’s ttyeassumed [17] and Mott suggested



[18] that disorder in configuration causes spdtiadtuation in potential of amorphous
materials, which leads to the formation of locadiztates. These states, which do not
fall into the conduction or valence bands, fornstabove and below the valence bands.

Specific models are used to describe glassy betsagfochalcogenides. A few
of them will be briefly reviewed here.

X-ray diffraction patterns are described by atoelieetronic radial distribution
function (AERDF), while density, crystallization thalpy, etc. were first explained by
Polk with a continuous random network model (CRR9][ The latter approach was
further developed by Steinhadt al [20] and Popescu [21]. There are several
limitations in both models. The AERDF model is radile to explain the first small
sharp diffraction peak observed in amorphous silif2?] since it does not support
large scale growth [23]. In the random network mid&NM) with covalent bonding
[24, 25], it is assumed that the distribution ofndimg types (i.e. 84, can be
characterized by coordination numbBks N, and relative concentrationsaand 1x of A
and B atoms, respectively. RNM allows creation eAAB-B and A-B connections in
the whole composition range except whe® andx=1. This approach does not take
into account the relative bonding energy.

The topological threshold model rests on the bakithe constraint counting
model (CCM), proposed by Phillips in an attemptealate the glass forming tendency
in the chalcogenide glasses with the network tapol@6, 27]. It was shown that the
glass forming tendency is governed by the SRO [2B]|s model is applicable to all
covalent network glasses, where bonds are highbctional. The most favorable is a
glass where the number of constraiNg @cting on the glass is equal to the degrees of
freedom Ng). Assuming only the nearest-neighbor contributidhe topological

constraints on an atom witimearest neighbors can be written as:
r
N, :(Ej+(2r -3), (1.1)

where the first term represents the bond-stretcbargstraint while the second term the

bond-bending. The factor 1/2 signifies that a bsrmshared equally between two atoms.



The term of(2r-3) means that an atom with a nearest-neighbor caatidim of r has
two bond-bending (bond-angle) constraints. For exctine remaining-2 bonds, two
bond-angle constraints are specified. Thus, the tatmber of bond-angle constraints
on an atom will bel+2(r-2) or (2r-3). For a three-dimensional glads, is taken as 3
resulting inr = 2.4. WherN. < Ng, r < 2.4, the glassy network is under-coordinated (so
called floppy). WherlN. > Ny, r > 2.4, the glassy network is over-coordinated (rigid).
Hencer = 2.4 is referred to as the mechanical threshold. Laterpeet al [29, 30]
showed that this transition at mechanical threskballbe treated as a percolation, with
the percolating quantity being rigidity.

The idea of rigidity percolation has stimulated i@ bf experimental and
theoretical work to look for such threshold behasioOn the experimental side,
discontinuities in floppy modes have been detedigdnelastic neutron scattering,
differential scanning calorimetry, elastic conssaanhd sound velocity measurements
[31, 32]. However, a few glasses show charactergdtange at = 2.67, in addition to
that atr = 2.4 [33]. To explain such features, CCM was extenaetivo dimensional
layered glass structures. In this modified apprpdich constraint balancing equation
can be written a8 = r/2 + (r-I) (according to eq.1.1).

The above expression gives 2.67 as the critical value for a 2D layered b 3
cross-linked structural transition. The argumenmtsented above assume a network in
which the coordination numbers are greater thaagomal to two. For a network with
one fold coordinated species, the condition foidiig percolation is given by =2.4-
0.4 (nl/N), where (I/N) represents the fraction of 1-fold coordinatednato These
considerations seem to be useful for explainingtgihduced plasticity and related
effects.

Two phenomenological band-models based on the ppofdéocalized states in
the band tails were proposed: the Cohen-Fritzsorsidsky model (CFO) and the
Davis-Mott model (DM).

The CFO model [34] describes extensive tailing ahd edges. Tailing is
envisaged to happen as a result of both compoaltamd topological disorder. In fact,
the bonding is so extensive that they overlap erthd-gap. As a consequence of the

overlap, the states in the tail of the conductiandhave lower energy than those in the



tail of the valence band, resulting in positivelyacged valence band tail states and
negatively charged conduction band tail stalége Fermi level is pinned due to this
extensive overlap. The tail states are localized tuthe disorder and are separated
from the extended states in the band at criticalrgies called the mobility edges.
Though the model can explain the pinning of Fermiel, the limited tailing of
localized states and the absence of a real gap makeainrealistic model.

In contrast to CFO model, the extension of barld taiDM model[35] is up to
only a few tenths of an electronvolt into the bajagh. The concept of mobility edge is
retained. In addition, pinning of:kS believed to be due to a large density of staées
mid-gap. These states arise from discrete defékés,dandling bonds present in an
otherwise fully connected network.

The CFO and DM models explained the pinning of Fdewel successfully,
but failed to explain the absence of electspin resonanceignal and hopping
conduction in chalcogenide glasses. Thus, a cleatraxdiction prevailsEr is pinned,
but, on the other hand, there is no evidence fpaiad spins. Anderson resolved this
issue by suggesting that chalcogenide glasses dralyepaired spins because of the
strong electron-lattice interactions [36]. He assdnthat it is energetically beneficial
for the system when the energy of Coulomb repulsiorces of electrons is
compensated by strong two-electron bonding endrmyu@ing the lattice deformation
energy). These ideas led Anderson to formulate ldandoonds with negative
correlation energy. This idea of spin pairing wasdiindependently by Street and Mott
as the charged dandling bonds model (CDB) [37] Hadtner and Fritzche in the
valence-alteration pairs model (VAP) [38].

The CDB model considers the specific dandling borfidey can form three
states. Neutral stat®” is formed when each dandling bond has an unpalesdren.
When two electrons or none are located on the kibiedyond is denoted & andD”,
respectively. The coordination number of a chalooggom at D’ is three
(overcoordinated), and dD is one (undercoordinated). The energy required to
overcome the repulsive Hubbard energy (the enaxgyired to place an extra electron
in DY site in order to form th®™ site) is gained by forming the extra bondatsite. It

can be seen from the following considerations
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D"+ e(+) — D
D’ + e(+B) —» D~ } (1.2)
HereE; andE; are the energies required to add an electrorpaotacular site so that the
reaction2D’ — D" + D™ + (E1-E,) is accompanied with energy increment. This model
explains successfully many experimental result$ [39

The VAP gives a description of specific, thermaayically favored defects

which are present in the glass. The number of deédcts is denoted as:

_Gf

N =N, (1.3)

whereG; is the free energy of defect creation &the number of sites in the solid. In
a glass the lowest temperature at which the defamt®al out is the glass transition
temperaturély. Thus, the density of defects depends upandT,. In this model the
configuration of chalcogen atoms is denoted idaiitico the CDB modelD refers to
C.” and theD" refers toC; , where theC represents a chalcogen atom, the subscript
represents the coordination and the superscripttihege state. In the VAP model the
lowest energy configuration has a symmetr@@ﬂ centre. The VAP model proposes a
reduction of the formation energy for VAPs, if thane formed very close to each other
with Coulomb energy of attraction. Such pairs of R&Aare called intimate valence-
alternation pairs (IVAP). While VAP constituentsearandomC;* (or D*) and C,~
(D7), IVAP constituents are nonrandd®g’ (or D*) andC,~ (orD").

An alternate approach to understanding the origitbamdgap in amorphous
semiconductors is the chemical approach or the-bgtding approximation methods
[40] put forward by Kastner [41], Ovshinsky [42]caiKastner, Adler and Frtizsche
[43]. It is equally applicable to both crystalliaad amorphous solids since the model
depends only on the short range order. The nafubemls, coordination number and

their valence state are the main factors on whiehgeneral nature of density of states
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depends in solids. The discrete energy levels ol @om are split into bonding and
antibonding states which form bands due to theraste®on between the neighboring
atoms. In a-Se, the lone-pair orbitals form theangpart of the valence band and the
empty antibonding states form the conduction b&sdcompared to the valence band,
the bonding states are lowered in energy, whileahbonding states are raised in
energy [41]. Because of the lone-pair originthe valence band, chalcogenide glasses
are often referred to as lone-pair semiconductors.

The structure of materials, such as the structéineon-crystalline tetrahedral
bonded semiconductors, is governed by the thernadigs of the system and depends
on the energy, duration and time of excitationp@rturbance. The system is effectively
forced to search for a minimum energy state onogrpssively smaller spatial scale.
The thermal vibrations and diffusion processesnaltbanges in bonding and therefore
the topology of the atomic network is altered.

For nanolayered samples, significant attentionukhde given to diffusion
processes between constituent layers. Driving fornechanism and behavior of
interdiffusion of chalcogenide layers highlight nepossibilities, features and
applications for new functional materials, itemsl atevices. Some features could be
approached only by developing nanolayered chalcstrentures.

Materials and thin film structures, based on@®sGeSe, GeS systems and Se,
Sb are investigated in detail in the present warkdannection with induced structural
transformations. It is worth mentioning that theisture and properties of chalcogenide
glasses are weakly dependent on preparation consli(e.gT, of bulk corresponds the
same value ofTy for thin film) and annealing, as in case of otmem-crystalline

semiconductors [44, 45].
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2.2. Induced structural changes

It was noticed in the early beginning of investigas of the amorphous
chalcogenides that during external excitations ilikediation by light or electron beam,
the optical, chemical and electrical propertiestttd samples show changes. Such
changes were dependent on the nature of the émnitaburce, such as light flux,
wavelength or the temperature of the sample. Adtarealing at temperatures close to
the Ty, the induced changes usually disappear, so theyeaonsidered as reversible
processes. In contrast, crystallization of an amoug material can be considered as an
irreversible structural change similar to the deeceiion, structural changes of the
freshly deposited amorphous films, which are inghly metastable state. At the same
time crystallized spots in a layer can be re-amgspt by appropriate pulsed heating
(ilumination), as happens in rewriteable opticalcd.

Photoinduced crystallization and appropriate charafeelectrical and optical
parameters are the most dramatic phenomena observelalcogenide amorphous
semiconductors. These phenomena appear to be thélesronically or thermally and
can be observed easily in Ge-Te-Sbh or similar allaysed in R- or RW DVD, or
Ovonic switch [46].

The number of covalent bonds interchanged in tlgpbrystallization process
seems to depend upon the material of interestmiorghous Se which is composed of
distorted chain molecules [47, 48], interchanga ééw atomic bonds (~1%) seems to
be sufficient to align the distorted chains intxdigonal crystals. Breaking of covalent
bonds and reptile motion of chain fragments arebg@bty needed, like the
crystallization process in chain polymers [49].cimtrast, in a ternary compound like
Ge-Sb-Te [50], bond breaking and reconstructioa gfeater number (~10%) of bonds
may be needed to produce polycrystals, since cotipud disorder is inherent in
these compound materials. In Ge-Te-Sb alloys tlerséle cycles of crystallization-
amorphyzation are connected with changes in Ge giosition within short-range

ordered structural units.

13



Photo-induced reversible changes of optical, mdchhnand chemical
parameters in As-S(Se) based materials, as weihasome Ge-based and other
multicomponent chalcogenide glasses, are not asati@ and theoretically evident as
crystallization, although they serve as a basidffferent optoelectronic applications.
Photo-induced reversible changes seem to be a giealtenge for theoretical
descriptions. Up to now intensive investigationsehheen performed in this direction

and no clear models are available.

2.2.1 Photoinduced structural changes

Light interaction with chalcogenide glasses siguaifitly differs from
interaction with crystalline semiconductors. Ir@thn of crystalline semiconductors
and insulators with light that corresponds to bgag-wavelength can influence only
the electron configuration. The produced electroleIpairs contribute to the electrical
response of the material (photoconductivity, evddviof photoelectric force). Such
excited carriers can recombine either radiativelgan-radiatively.

Contrary to the crystalline semiconductors, thedectal light also influences
significantly the atomic structure of the chalcogenglasses. This is manifested in
unique behavior of these materials such as phaleeed changes. Non-radiative
recombination of the excited electron-hole pains lemve the material in a state which
is different from the initial state. The near bayap light irradiation could initiate
structural changes which remain after irradiation $everalweeks or much more at
ambient conditions. Such phenomena were observaldsarption edge [51], refractive
index change [51], volume change [52], solubiléhgsticity, etc.

The absorbed light significantly influences theeraf atomic displacement in
chalcogenides. Thus, the viscosity of this glasayenial decreases, while [53, 54] the
diffusion of atoms increases [55]. The main intecdghe investigation was focused on
optically induced volume changes, solubility changed induced diffusion of silver,
since they can be used for lithography, data reegrednd photonic applications [56-
59].

14



Shimakawa classified the photo-induced effects sttocture related photo-
induced effects and defect related effects [60k dbfect related photoinduced effects
are mid-gap absorption, decay of photoconductivityptoluminescence fatigue and
light induced electron spin resonance. The streetetated photoinduced effects
include photo-darkening, photo-crystallization (or amorphyzation),
photopolymerization, photo-contraction or photo#@xgion, photo-dissolution or
diffusion and photo-induced fluidity.

The photo-induced structural changes can be rdlersir irreversible. The
reversible structural changes are observed onfitmror bulk samples pre-annealed at
T, temperature. After several hours of annealingstraple returns to initial state. This
is the so called “erasing”. During repeated irrtidirathe changes occur again, which
can be erased by subsequent annealing. Such oyatede repeated an arbitrary
number of times. The sample behavior does not deperdepends only slightly, on the
preparation method, but it does depend on the samphposition, the irradiation
conditions and thermodynamic parameters. In contrde freshly prepared (not
annealed) sample behavior significantly dependthersample preparation conditions.
In this case the annealing doesn't return the systempletely into initial condition.
Therefore, such structural changes are considerebletnon-reversible or partially
reversible. It is almost a commonly accepted statdnthat reversible photo-induced
changes are macroscopically athermal, i.e. no #ak¢im comparison with annealing
at Tg) heating occurs during illumination, although rogcopically the thermal spike
model [61] can be successfully applied to thesegsses and even to the photo/induced
interdiffusion [62].
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2.2.2 Electron-beam induced structural changes

Electron beam irradiation is a kind of corpusculaadiation. The main
mechanisms of electron interaction with matter elextromagnetic interactions with
atomic electrons (ionization and excitation) anthv@oulomb field of the nucleus. The
scattering process on a nucleus exists when atiatguenetrates through the matter. In
cases when the electron energy is higher than hheshold energy of an atomic
displacementy, an atom can be shifted. But the probability @ ghift is rather small
in comparison with ionization and excitation. Inngeal, ionizing irradiation in solids
can cause radiation defects with atomic displacésnfg8]. The energy is the most
important parameter of such irradiation.

The dose indicates the number of induced radiatfiefiects in the irradiated

sample. In general the absorbed dose is denoted as:

—dx, (1.4)
p hgdx

n

®, 17dE
=

where @, the fluence of electrong, the sample density artdthe sample thickness,
dE/dx is the electron energy loss per unit patigtlen

The threshold energy of an atomic displacendgmn crystalline chalcogenides
with strong covalent bonds ranges from 5 to 10 [6¥]. In amorphous materials this
energy is less than the above mentioned quantitggecific structural reasons. Thus
during irradiation by electron beam with the enenfi2.8 MeV, fluence 115-10"" cni?,
approximately 18 cm® displacement defects are created. The number fefcide
reaches several percents of all atoms.

After electron beam irradiation with the energy20fkeV, a significant shift of
the band gap to the longer wavelength range aneécaedse of the transmittance
(darkening) were observed in amorphousSA465]. The magnitude of the observed

effects depends on the density and duration ofetbetron beam irradiation. It was
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explained by structural reorganization of molecudamponents, just as by breaking
and formation of new chemical bonds [66].

Irradiation of samples of an As-S chalcogenideasydby electron beam causes
some decrease in the intensity of photoluminescdhéalows that irradiation induced
creation of additional deep defect centers occoatogously to the bond breaking ones.
Philips explained [67] this mechanism by the presesf micropores and microspaces
in the sample. On the boundary of interfaces of niieropores and microspaces, a
recombination process can take place. During iataati these pores are growing, so
the boundary surface is increasing, thereupon asang the recombination rate

The role of compositional dependence is also wam#ntioning. The most
significant optical changes were observed iny&g and Ag:Sse thin films [68]. The
observed effects are explained by As-As homopotardb which create a localized
antibonding energy state. The probability of ceatdof such a state increases with
increasing As concentration. Therefore, the inéngasumber of acts of charge carrier
localization during electron beam excitation inflaes the valence band. Eventually the
related induced effects (optical, for example) aréhanced. After annealing, the

samples return to the initial state.

2.2.3 Induced interdiffusion

Photoinduced diffusion of elements is a very imaotteffect in amorphous
chalcogenides. The effect was first observed bytysben et al [69]. They observed
large dissolution of certain metals in chalcogesidender light irradiation. The
photoinduced diffusion is exhibited by Ag, Zn, Bhda Se. The mechanism of
photoinduced diffusion for different elements mag Hifferent [70-72]. Among
photoinduced diffusion processes the most notabled behavior of Ag in As-S, Ge-S
and Ge-Se glasses. On exposure to light, Ag atoffusel into the glass as Agons.
Ag diffusion is particularly affected by the lightiantum of band-gap energy, but can
also be induced by sub band gap light. The aforéioresd diffusion is due to the
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chemical or intercalation reaction between thegyksd Ag which in turn is enhanced
by the light absorption at the doped-undoped regigi3]. The driving force for the

reaction is the electrochemical potential gradfentAg, and the kinetics is facilitated
by the photogeneration of electrons and holes.

A very important photo-induced effect in amorphocisalcogenides is the
photoinduced interdiffusion. The effect was firdiserved by Kostyshin et al [74].
Except for the photo-diffusion of silver, we havery little information on light
induced atomic transport processes in amorphouleadienide [75, 76]. Studies on
interdiffusion could provide a better understanditige problem of diffusion in
amorphous semiconductors. Although studies ondiffasion in chalcogenide NLS

were made by several authors [77-79], this questams to be still unsolved.
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2.3. Amorphous chalcogenides as elements of
photonics

The unique properties and behaviors s of amorpbloatkeogenides such as wide optical
transmission band iR spectral region, large glass forming region, niatabty,
photoinduced changes of mechanical, electrical aogtical properties,
photoconductivity etc., make them excellent materier photonic applications. Many
authors have intensively investigated these mdseaad have described them as
materials for integrated optics [80], waveguided][8holographic memories [82],
ultrahigh-density optical storages [83] or phasange optical storages [84, 85].
Amorphous selenium is a classic material for Xempyic applications [86] and has
recently been highlighted as a promising photocotider material for digital X-ray
radiography [87]. Furthermore, amorphous chalcatgsni include potential for
improving and expanding the range of applications.

Up to now chalcogenides have been used in numel@ises and applications.
Since the discovery of Ovonic memory switching tasecording phase-change
memories have been rapidly developing. A multilagembination of GeSbTe and Sb
allows us to obtain less than 100 nm optical ragoiudue to electromagnetic field
interaction between optical near-field and surfatessmons generated on the films.
Optical devices on micro and nanoscale are availadd diffraction gratings,
holographic gratings, focusing or Fresnel lensekwaitches. In the field of information
technology the development for telecommunicatiolateel devices like fiber based
applications can be mentioned in addition to highgity data storage.

Generally the chalcogenide based nanostructuresraated in a sequence of
several writing, patterning, irradiation and etghsteps. Main emphasis is put on the
methods and technology which lead to the desirg@ticgtion, effect or device. In this
respect in the present work one-step methods oicttton and developing structures
and/or property-changes on definite elements arsgoted.

For fabrication of photonic elements, light and c&len-beam treatment
appeared to be optimal in terms of simplicity otheology and wide industrial

demands. Photo-induced changes are excellent pivesiio create bigger patterned
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areas in one step. Although the size is limitedliffyaction, the method can be applied
in the creation of diffraction and holographic aiyae, phase gratings, or even optical
data carriers. Additionally, electron beam treatingives a powerful possibility of
creating complex and unique patterns. These twesilpitises will be discussed in more

detail in the present work.
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3. Sample preparation technology  and

experimental techniques

3.1. Sample preparation

Chalcogenide bulk glasses are generally preparedhddy-quench technique
from predefined components in a vacuum sealed Zjaanpoule. High purity elemental
components are placed in the necessary propontitm the quartz ampoule. After
sealing, the synthesis occurs at the appropriage témperatures, the melt is cooled
down and the quality of glass is checked by stahddructural analysis. For the
preparation of thin layers, these bulk materiats @sed as origin materials. The most
common technique for the production of amorphous lyers is the thermal vacuum
evaporation (TVE). The advantage of this techniguts simplicity and the low cost of
operation. Target materials are usually evaporatater high vacuum, 2xfombar,
from current-heated tantalum or tungsten boatsni@grglass, micro slide glass, or face
down polished silicon wafers are used for substrata

With TVE method we prepared multilayered samples usyng computer
controlled rotating sample holder which allowed us to change position of the
substrata above the targets. The targets werase&ted from each other in a common
vacuum chamber together with the sample holdettipogig system. The step-motor
driven sample positioning system and shutters veemaputer controlled, too. The
modulation period was varied by choosing the déilene spent above the appropriate
evaporated target. The purity of used bulk glagsesat least 99.999%.

Pulsed laser deposition (PLD) is another prospedti@position method. It is
favorable because of its simplicity, easy contrbth® process and of stoichiometric
transfer of target material to the films. PLD teicjue is also applied to fabricate films
of unusual composition [88]. It is worth noting thiae latter requirementsan not be
always ensured by thermal evaporation technologpegally for more complex

glasses, or Ge containing glasses with high evéipareemperatures.
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A KrF excimer laser (Lambda Physik COMPex 102) ating at 248 nm with
constant output energy of 250 mJ per pulse, witlsepduration of 30 ns and with
repetition rate of 10 Hz, was used for PLD. Thergndluence on the targets was held
constant at 1.4 J ¢t NML were deposited in a vacuum chamber at backuyto
pressure less than 2x10mbar. For PLD substrates, we used chemically eléan
microscope glass slides positioned parallel totdrget surface. Target to substrate
distance was 5 cm. In order to obtain thin filmattivere as homogeneous as possible,
the off-axis PLD technique with rotating substrat@scombination with scanning of
~1x1.2 cr targets by the laser beam, was used. Seected period of a bilayer was
chosen to 9 nm or less with/ds = %2, where d and @ are the deposition rates Afand
B components, respectively. Knowing the individu@pdsition rates folA and B

components, the total thickness of the NML was etgqeeto be close to dim.
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Figure 3.1. TVE (left) and PLD (right) sample pregigon techniques
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3.2. Optical measurements

Optical transmittance spectra were measured by &hm UV-3600
spectrophotometer in the wavelength range fiom250 nm to 2000 nm. Kinetics of
the photoinduced optical changes was measursit, as described below.

Optical measurements give information about thdcaptproperties of the
samples. In optical measurements the main parasnefeinterest are the refractive
index n, the absorption edge referring to the optical baag E; the absorption
coefficient @ and the thickness of the sample | have determined these optical
parameters from the obtained transmittance spedciiag Swanepoel method [89].
Additionally, these parameters were also determimgctllipsometric measurements
with variable angle spectroscopic ellipsometry (\EAS.A. Woollam Co., Inc.) in the
spectral range of 500-2300 nm at 65°, 70°, andn7&isuring angles of incidence. The
total thickness of the samples was easily deteminoyeprofilometer or AFM.

Transmittance spectrum is taken for the deternonagf optical parameters.
The found general trend is shown on figure 3.2itAsn be seen from the figure, the

transmittance spectra can be divided into fourongt, medium, weak and transparent -
absorption regions.
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Figure 3.2. Transmittance spectrum of a thin layer
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Optical transmittance is limited from the low energide by phonon absorption
and from the high energy side is limited by abdorptdge; the optical absorption
below a < 2x10 cmi* provides information about density of states ie Hand tails.
Since the activation energy of amorphous chalcagsncorresponds @ = 10" cm?,

M. Stuke proposed to determine the optical bandayathis value of optical absorption
coefficient. Such measurements correlate well withsults of photocurrent
measurements. According to Tauc [90] the opticabgttion in region above > 10*
cm® is influenced by electron transitions from deliead states in the valence band
(E<E,) to the delocalized states in the conduction b@BdE.). The frequency
dependence of the absorption coefficient with resfmea constant valukis given by a

parabolic approach:

Ahaw-(E.-E )" 3.1

a(w) =

() hw
The absorption coefficient is calculated from th@nsmittance spectra
according to the following thinking. When a monamtmatic beam of light is incident

on a medium at a normal incidence then:

_ D\24-ad
T:(1 R)“e

1-Re™ 2

whereR is the reflection, thd is the transmittancen is the refractive indexs is the
absorption coefficient andlis the thickness of the material through whicthtigasses.

Sinceexp(-2xd) much less asxp(wd) equation 3.2 can approximately be expressed as:

T=01-Rf’e™, (3.3)
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From transmittance spectra (when no reflectionii®rg the absorption coefficient

could be obtained from the formula:
T=Te™. (3.4)

This formula is valid fora > 10°%m®™ A more convenient calculation of optical
parameters of thin layers was made from a transnaié& spectrum using the method of
Swanepoel [91, 92] described above.

In the region of weak and medium absorption fromsifians of fringes the
refractive index n* can be calculated accordinghte equation (3.5), whergis the
substrate refraction indeX.x and Ty, the appropriated transmission maximum and

minimum of the given fringe.

/12
n”:[M +(|v|2—sz)“2]1 , (3.5)
where
_ 2
M = 2 max ~Tmn | S"*+1 (3.6)
T T 2

max ' min

The sample thickness is given from the next eqoatio

o= M (3.7)
2(/]1"‘2 - /12”1)

wherel,, A, andny, n, are the corresponding wavelengths and refractidexes for T4
and T, respectively.

The latter equation is very sensitive to errorgéfractive index. Using the
2nd=mt expression for eaah, the thickness d of the sample can be calcul&iedlly,
by averaging the thickness can be obtained witF0(b26 accuracy. Even better results
can be achieved by direct thickness measuremeng wsilaser profilometer, type

Ambios XP-1. For this reason, the vacuum evaporats equipped with two control
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samples above both evaporator sectors. Thus, tloknéss of control samples
corresponds to the total thickness of the giverenwdtin the nanolayered structure.
Laser irradiation was performed according to a sghshown in figure 3.3.

Sample
Laser diod [ PM

Laser
; P
Driver C

Figure 3.3. Laser irradiation setup

lllumination was made by different lasers modulesl éaser diodes from ThorLabs

with different intensities, polarizations and wasrgth (exact wavelength mentioned

below). The light intensity was measured in-situiy120 ThorLabs optical power

meter connected to a personal computer.

Laser

PC e Detector

Light source

Figure 3.4. Schematic presentationro$itu spectrometry during laser irradiation
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Measurements of photoinduced transmission chareye werformed also by
OceanOptics millisecond spectrometer (fig.3.4.)e Tthansmission was recorded at
millisecond/record rate during the whole periodillofmination in the visible spectral
range.

Modulation period of the multilayers was determineith the help of control
samples placed directly above the evaporation ssurthe results were checked by
low angle X-ray diffraction (LAXRD) measurements ialn additionally give

information about the quality of the interfacesyadl (see below).
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3.3. X-ray diffraction measurements

The X-ray diffraction technique is a widely usedthosl for investigations of
multilayered structures. It is a non destructiveéhad which gives information from the
atomic scale range. From a methodological pointi@iv two regions are distinguished
regarding the X-ray angle of incidence: the regiprto 15° is called low angle X-rays
diffraction and the range above 15° - small anglexXdiffraction.

Using the low angle spectrum the spatial resalugaceeds the lattice size.
Thus, the X-ray spectrum is independent of systenstituent components of atomic
structure, which makes possible the investigatfochemical modulation of the system.
At the modulation periodk of a multilayered structure the reflection givearp higher

order peaks which correspond to the Bragg reflaciccording to the formula:
2
. 5 nA
sin“@d=|—| +20, 3.8
=] @9

whered is the angle of incidence,the reflection peak ordet,the X-ray wavelength,
1-6 is the real part of the refractive index of thpestlattice [93].
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Figure 3.5. LAXRD spectrum of nanolayered sampl\S&;
Using this technique the quality of the interfaced @he modulation period can be

determined. The period of the multilayer or theaefive index is determined through a

linear fit of n? vs. sir’. The intensities of the Bragg peaks depend alsh@sharpness
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of the interfaces. Using these features, the LAXED be applied to the investigation
of diffusion in layered structures due to light leeat treatment. The basic idea of
measurement is that during diffusion the interfaaes vanishing which decreases the
initially high electron density difference. A typicexample is given in figure 3.5. On
the graph the intensity of the reflected beam jsasented vs. th angle of incidence.
The following information can be obtained:

« the critical angle (usually around tenths of deprea smaller incident angle, at
which the detector is saturated as the incidenatiad almost directly gets into
the detector;

* modulation period/A) — the thickness of two different multilayers {kmess of
one bilayer) which is determined from the Bragdetfon conditions;

« film thickness — determined from fringes beforstfiorder peak;

o fluctuation of the layer thickness — the full widdh half maximum of the first
order peak is an indication of the quality of tlagdr, sharp peaks indicate a
good thickness repetition, wide peaks indicateoihgosite;

« roughness of the interfaces — in the case of iiga&in of the diffusion in
multilayers, the first order peak is taken into@et; its intensity indicates the

roughness of the interfaces;

The small angle X-ray diffraction spectrum is agprate for the determination
of the structure within a layer. In this region whangth difference is comparable with

the lattice size of the material. The peak pos#ioan be described by the formula:

2siné
A

n
£ (3.9)

o N|

wheren is the order of main Bragg-peak satellitds/N,+N,, is the mean lattice-plain

distanceN, andN, are the lattice-plain distances of A and B materespectively. The

directly achievable data from the peak position drand A. As the X-ray intensity
does not contain any information regarding the phas order to estimate the lattice
parameters or the super-lattice defects of the titoest matter, models should be

created.
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3.4. XPS measurements

Photoelectron spectroscopy is an excellent teclenfgu probing atomic and
molecular electronic energy levels. When an atonmotecule is subjected to high-
energy radiation, photons in the radiation collidéh and eject electrons from atoms,
leaving behind ions. Ejected electrons depart wlifferent velocities. Photoelectron
spectroscopy measures the velocity distributionthef released electrons. The kinetic
energy,E, of photoelectrons is equal to the difference betwthe photon enerdw,n
and the ionization enerdy¥,,, which is the energy required to completely remane

electron from an atomic energy level:

E, =hv, —Eg. (3.10)

A typical XPS spectrum is a plot of the numberlod electrons as a function of their
binding energy. The peak of binding energy is ctiaréstic for each element. The peak
areas are used to determine the surface composititihe materials. XPS is also a
useful surface analytical technique to study themtbal state and local environment of
an atom. The chemical bonding is often realizedubh correlation with chemical
shifts in XPS binding energies of correspondingnelets.

In the present work X-ray photoelectron spectraena&tquired by a Scienta
ESCA-300 spectrometer using a monochromati& AX-ray (1486.6 eV) source. Data
analysis of XPS spectra was performed by CasaXiR&ase.
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3.5. Raman and IR spectroscopy

Vibrational spectroscopy involves the study of foing that induce transitions
between vibrational states in molecules and solitisse transitions typically fall in the
IR frequency range. Raman-spectroscopy is usedutty s/ibrational, rotational and
other low-frequency modes in a system. A vibratidnansition is induced when an
incident optical photon of frequendw;,. is absorbed and another optical phatog,;
is emitted according to the formula:

E, =|hv,,, —hv (3.11)

emit| '

The frequency difference is given byndvemd = h-n'| vo = vo since the infrared
selection ruledn = +1. Two cases can be observed. When the freguainan emitted
photon is shifted to low frequency,. > vemit , the final vibrational state of the molecule
IS more energetic. This shift in the frequencyasignated as a Stokes shift. Whgp<
Vemit , the case is designated as an anti-Stokes §ififared active vibrational modes
arise from a change in the electric dipole momentuof the molecule, while Raman-
active vibrational modes involve a change in th&zability P = uind/E, where the
electric vectorE of the incident light induces the dipole momentum in the sample.
Thus, some vibrational modes are IR-active, that nseasurable by infrared
spectroscopy, and some are Raman-active.

In the present work Raman-spectra were measuresamples prepared by
different methods with the same composition anddine was to compare and make
conclusions about the similarity of their structurdkaman-scattering spectra were
recorded at room temperature with the Raman-spguttometer Bruker IFS 55/FRA
106 using a backscattering method with Nd:YAG laddit64 nm) as the excitation

source.
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3.6. Scanning Electron Microscopy and electron-beam
lithography

As an electron beam can induce changes in chalmegenall the measured
samples were scanned at low accelerating voltagered beforehand by thin

conductive layer, typically gold layers sputterecgrgon gas.

Figure 3.6. E-beam lithography

Electron beam patterning was preformed by a scgnelactron microscope
type LEO 1550 VP FE, equipped with nano-patternegator software. Using an
electrostatic beam-blanker, the pattern was writtgtally, in a dot-by-dot manner,
scanning the writing field. At 30 kV acceleratingltage and 750 pA current, the beam
was focused to an approximately 1 nm diameter dpatterns were written at 30 Pa
pressure of nitrogen gas.

To form special unique patterns, a supplementabnara was written in
addition to the basic nano-pattern generator sofiwblsing this program, Fresnel
lenses could be fabricated in a wide range of goafe, etc. The main window of the

program developed for pattern generator is predentégure 3.7.
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Figure 3.7. Main window of the lens fabrication gram

3.7. Atomic Force Microscopy measurements

The Atomic Force Microscope (AFM) is widely used tbe investigation of
the surface topology. It is a non destructive metivbich gives a 3-D projection of the
surface with high resolution. The AFM does not ieggpecial sample treatments and
all measurements can be made at ambient conditidinese condition free
measurements are an excellent opportunity regaatiatpogenide materials.

During our studies most of the scannings were peéd in a contact mode.

Thein situirradiated samples were scanned in tapping mode.

Sample
Laser beam for %9/ P

sample |rrad|at|on

Reflecting mirror
N -

Figure 3.8. Scheme @f situillumination undeltAFM
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Surface topography was investigated by Digitalrinsents DI-3000 scanning
probe microscope and Solver P7 atomic force miopsc

To investigate the magnitude of the volume chamgdiffraction pattern was
written onto the sample surface using a micro nféshr. Schematic drawing of the

experimental setup is shown on figure 3.9.
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40-60um

— it

Figure 3.9. Experimental setup of diffraction pattevriting
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4. Results and discussion

4.1. Photo-induced changes in layers and layered

structures

Chalcogenide glasses undergo photostructural ckangduced by light
exposure, as it was discussed earlier. Photodarffesiobservable in single layers of
amorphous selenium or amorphous,®s while photo bleaching occurs in layered
structures. In this chapter we present resultsammeg the similarities and differences
in photo-induced changes of components like SeSARS S single layers and of
the SelAsS;, Sb/IASS;, INfASS;, GeSad/GesSs; (further denoted as GeSe/GeS)
multilayers.

Two basic statements are established and will béhdu used regarding
amorphous state: the non-crystalline structure dmgsinfluence the nature of solid
state in terms of the optical absorption and thhes hand structure of amorphous
chalcogenides does not change while the coordmatimnber is the same; the absence
of LRO causes the appearance of band tails indhd bap of localized states near the
valence and conduction bands as well as near tmi fevel and it can be changed by
external influences [12].

These can be applied to the amorphous seleniumnts investigated non-
crystalline formation among amorphous chalcogenidibi layers can be prepared by
different vacuum evaporation or sputtering methsdsi is evident to use this material
and structures with Se as a reference. We usedsithplest but efficient thermal
evaporation in vacuum. Selenium has several ctiystadhnd non-crystalline allotropic
formations. Thermodynamically the most stable is tBg spiral polymer chain
consisting of trigonal selenium. During annealitigogher formations are transformed
into the trigonal selenium, and the illuminationusad crystallization also can be

explained this way [1].
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During investigation several samples were made pmgbared by methods
listed below in the table (Table.1.).

Sample Preparation method
Se TVE, PLD
AS,S; TVE, PLD
ASySey TVE, PLD
AS4()SQ;0 TVE
AS5()SG“,0 TVE
SelAsS; Cyclic-TVE, PLD
Bi/As,S; Cyclic-TVE
Sb/ASS; Cyclic-TVE
IN/AS,S; Cyclic-TVE
AU/AS,S; Cyclic-TVE
GexSe/GessSsy PLD

Table.1. Used samples and preparation methods

A weak photodarkening effect is observable in armoys selenium films after
irradiation at room temperatures. At first it wdsserved at low temperatures only [94,
95]. Later this phenomenon was observed at roonpeesiture as well, and usually is
reversible after annealing the sample ngar 310 K [96]. Photodarkening effect is
found to be increased with the level of initialatider as a result of a photostructural
transformation which leads to the broadening ofttlied tails and hence to the red shift
in the absorption edge. Therefore, we used a-Se aaBd containing NML-s as
reference materials in our experiments

The most fascinating photoinduced effect in the icomhponent amorphous
chalcogenides is the reversible photodarkeningcgféecompanied with changes of the
refractive index. This effect is observable in atbenic containing compounds and
strongly depends on the illumination wavelengtle tptimum one corresponds to the
absorption edgeh¢ = Eg). The most efficient method to follow optical qiyal(first of
all the spectrum and value af as well as optical scattering) and the photoieduc
changes is the measurement of the optical traresmgtspectrum, as it was used in our
experiments.
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The optical parameters of chalcogenide multilaysyscomposites depend on
the periodicity, parameters of the appropriate lsyb¥f, and their thickness. Thus, in
this work the quality and modulation period of niayered structures was first checked
by a non-destructive method of LAXRD before theicgt measurements. Likewise
transmittance spectrum has been taken in orderetermdine the optical absorption
edge, optical transmission band and index of réémacaccording to considerations
already mentioned in chapter 3.2. It should bedbire that refractive index used for
multilayered samples is an average complex refracindex of the whole sample
according to Cauchy dispersion formulae, i.e. n = 8/A2 + Ch4, where n is the
refractive index, A, B and C are constantss the wavelength. Thus assuming that the
NLS can be ascribed to a single layer with optjgadperties being average of the
individual nano-structured layers.

For comparison, we have measured optical specttdeobasic chalcogenides
used in our work. An example for single, d = 800 tick a-Se and AgSey layers is
presented in Fig.4.1
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Fig.4.1. Optical transmission spectra of a-Se () @ As.Sey (2) layers.

A single layer of pure a-Se has some experimentdddantages such as
ageing effects which lead to the crystallizatiorheTlast can also happen under
intensive illumination. The best and simplest wayiricrease the stability of the Se-
based glasses is to introduce arsenic in concemtrabove 2 at% [2]. AgSey is an
excellent example of the rather well investigatedble chalcogenide. The glass

transition temperature of AsSey is at T;= 104°C [97]. As an example, the
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photostimulated change of transmittance of,8&,composition is shown in figure 4.2.
The as-deposited sample was irradiated by P = SHeVie laser)X = 630 nm) for two
hours. A long-wave shift is observable in the traitance spectrum of the irradiated

sample. After annealing of the sample at glasssitian temperature Tg) the
photodarkening process becomes reversible.
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Figure 4.2. Transmittance of ASey irradiated by P = 5 mW He-Ne laser light
for 2 h at ambient conditions

It should be mentioned that the reversible phatesiiral transformation occurs
only in pre-annealed samples. In the case of assikeg thin layers the system returns
to somewhat higher energy state after an illumamaginnealing sequence. However,
the continuous illumination — annealing sequenaesraversible. Annealing causes
relaxation of the disordered state. The duratiod semperature of annealing is a
significant parameter and varies for different mats or samples.

As it can be seen in figure 4.3, the illuminatidritee AsS; by the appropriate
wavelength laser light (which corresponds to theelength of the absorption edge) is
accompanied with a shift of the absorption edge-éfaft) (fig.4.3. b), i.e. shrinkage of
the band gap and reaches several percents.
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Meanwhile, almost no changes occurred in transnidiaspectra after illumination on
other wavelength (fig 4.3. a, c). It means thatagbtexcitation in the band-gap region
is the most efficient, since the photons with neags energy penetrate the whole
volume, exciting electron-hole pairs and furthentb@hanges. The shorter wavelengths
are less efficient because of the high surface rpbisa, and only thanuch higher
energy particles (electrons in our experimentshie to generate similar processes.

It is useful to look at the structure of this m&kto understand the excitation-
bond switch processes. The crystalline arseniolpiiéde (AsS;) has a monoclinic
structure. Each arsenic atom has five valence relestand three of them establish
strong covalent bonds with sulphur. The other thexteons establish non-bondirsg
pairs. Two of the six sulphur electrons are bondétl arsenic and four of them are
independent nonbonding electronssirstate and two create the so-called lone-lpair
electrons. As a consequence each sulphur atomrisusded by two atoms of arsenic
and each atom of arsenic is surrounded by thremsatof sulphur. The molecular
structure of crystalline AS; is pyramidal. The arsenic atom is situated ortapeof the
pyramid and the sulphur atoms constitute the bottehich create bonds with
neighboring arsenic atoms. Such molecular strugtucbaracterized by Van der Waals
interaction. Fast quenching of melted,8scauses the occurrence of strong covalent
bonding between arsenic and sulphur, which poseations of complex compounds
with absence of LRO. In such a way the amorphaate stf AsS; with SRO is formed.
FTIR and X-ray measurements [98] imply to,8sas structural elements in the glassy
system. Therefore, the physical properties of a ergstalline system differ from the
crystalline one according to the preparation camatt and these can be changed by the
additional external influences, excitation of nambing LP electrons as well as
covalent bonds.

These assumptions are supported by the followinmerxents on the model
Se/AsS;, where the illumination influences the chalcogemstituent in the spectral
region of the absorption edge. In our measureme®edAsS; samples with the
modulation period of\ = 8.5 nm, thicknesses of constituent componé{#ts,S;) = 4.5
nm andd(Se) = 4 nm were prepared by TVE. The number d&ymrs was set to 100.

Thus, the total thickness of the sampledis = 0.84 um. Optical transmission
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measurements show a sharp absorption edge, whiohated in a narrow bandwidth,
determined by the small&; of selenium (figure 4.4. curve 1).
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Figure 4.4. Optical transmittance spectra of IJegzosited, 2) irradiated, 3)
annealed Se/AS;

The spectral dependence of photoinduced effect wagstigated by
millisecond resolution spectrophotometer accordinthe scheme in figure 3.t situ
irradiation of the sample was preformed by 532 nm wavelength laser light with
intensity | = 13 W/cni according to the scheme illustrated in figure Bihce the
absorption edge is located ndar 530 nm it is evident that bleaching kinetic aster
and more prominent near the correspondent wavédiengt the change of transmittance
behaves unequally at different wavelengths asntbeaobserved in figure 4.5. Here the

absolute and relative transmissions are presented.
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Figure 4.5. The change of absolute (a) and rel@iy&ransmissions during irradiation
of the sample Se/AS; with A = 532 nm and | = 13 W/chaser light.

Photobleaching with consequent short wave shifthef absorption edge was induced
also by annealing the sample at 90 °C (fig.4.4ved). Because the magnitude of the
photobleaching is more prominent after annealiranthfter illumination, it is worth
mentioning that process still has a heat inducedpoment, although the final result of
intermixing is the same. Thus, the heat inducefusidn coefficient calculation is
considered more informative in this case. The diffin coefficient characterizing the
interdiffusion of the layered structure was obtdifrem evaluating the LAXRD spectra
kinetics. The logarithm of the relative intensity e first Bragg-peak decreases
linearly with time, and the diffusion coefficienart be obtained by fitting the data

according to the formula [99]:

d | 81’
—|In| — ||=-—-D
dt n(loj N D
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Figure 4.6. Relative Bragg-peak intensity vs. alingdime. Least square fit was
applied in the calculation of the diffusion coeiffigt, the Se/AsS; sample was

annealed at 90°C

whereA is the modulation period of the sample. Denotlmgtangent of the fitted slope

by s, the following working formula was used

D=- (4.2)
71

Substituting the value of modulation period and slope of the points fitting from the
figure 4.6 one obtains for the thermal interdifeusia coefficient D = 2.29x18 n/s

for Se/AsS; structure.

It is a well known fact that chalcogenides of AsS composition show
photoexpansion [100]. Se/f& NLS also exhibit similar behavior [101]. For
investigation of the volume expansion, the samplese irradiated according to the

scheme in figure 3.9.
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Figure 4.7. SEM picture of the diffraction patt€bar = 1Qum)

The SEM picture of the pattern on the irradiatedase (according to the diffraction on
a grid mask) is shown in figure 4.7. A well defingetiodic structure is observable. The
change of the volume induced by irradiation wasstigated by AFM measurements
(figure 4.8.). According to the distribution of a@tation intensity (diffraction on the grid
elements), the first peak is suitable for detertmmaof the maximum of the induced
volume change. The AFM measurement indicated afhrasacl0% of surplus, e.g. the
first peak reached aboytd = 85 nm in height while the total thickness of Hanple
wasd = 840 nm. These results correlate well with theeobations of other authors
[102].
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Figure 4.8. Surface view of the illuminated Se&sample. The AFM scan indicates
the possibility of about 10% change in thicknessgume)
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Having these results on a model Se#sNML for comparison we moved
towards the new structures. Unfortunately, the TwWiethod is not suitable for
preparation of all types of compositions desireccaory on our experiments. These
compositions, nevertheless, can be prepared eagilyLD technique. The question
relating to structural and chemical properties amples prepared by the
aforementioned methods was answered by comparisqroperties of composites
which were prepared by both TVE and PLD methods. this reason reference
Se/AsS; multilayered samples were first prepared by PLIA aVE with the same
modulation period. The obtained Raman-spectra atdicclose similarity of

compositions of the samples (figure 4.9.) [103].

PLD multilayer
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Raman shift / cm™
Figure 4.9. Raman-spectra of Se/f&ssamples prepared by PLD and TVE methods as

well as of the separate constituent layers.

The appropriate Raman-scattering peaks of PLD aftel Jamples are located similarly
(figure 4.9. top two curves) and correspond todbstituents Se and £& (figure 4.9.
bottom two curves). LAXRD measurements indicaterghiaterfaces, which vanish
during heat treatment, as shown in figure 4.10. dffective annealing temperature of

the PLD prepared sample was analogous to the T¥gaped sample.
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Figure 4.10. LAXRD of as deposited and annealed Btdpared Se/AS; sample

It follows from our experiments that the structurehemical and theelated
properties of Se/AS; samples prepared by TVE and PLD methods are siniilze
SRO of the thin films does not depend on the pagfmar conditions. On the other hand,
the AFM study of irradiation induced surface ditftian patterns refers to significant
increase of the surface roughness of PLD prepaastples [103]. In this respect the
sample prepared by TVE is smoother than the PLpgvesl one, nevertheless the
change of relative volume reaches 10% as well,aasbe seen in figure 4.11. These
irregularities are most probably connected with hiighly non-equilibrium process of
pulsed laser deposition. The deposited vapour stnef a big amount of clusters and
nanosized fragments of the evaporated target, wéugport the conservation of the
average composition but introduce additional stmadtirregularities due to the fast

condensation and lack of local diffusion to the enequilibrium state of the layer.

=| File | Vieu | Bdit | Tools | Operation ¢zl =] _Ex1 | 60| Fi]Sca|vie|Eai|opt] #] 7|
w

[ |

0 V

m M,U |

a 5888 18888 1M

Figure 4.11. Surface view of the illuminated PLRpared Se/AS; sample. The AFM
scan indicates the possibility of 10% thicknessgea
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As a general result, we assumed that chalcogenMé& Bamples prepared by two
different techniques behave similarly, e.g. the@imstructural and chemical changes
and the interdiffusion act similarly. It is suppextalso by the fact that the calculated
diffusion coefficient for thermally induced intefidision in PLD prepared sample
correlates well with TVE prepared onesp(®= 2.23x10? mé/s, Dne = 2.29x107
m?/s) [103]. These factspen new possibilities in fabrication of nanolayesamples.
Samples which are not suitable for TVE preparatiam be prepared by PLD. A
composition like GeSe/GeS is hard to prepare by DBéEause of the difference in

vaporization pressure of the constituent alloys.
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Figure 4.12. Transmittance spectra of 1) as degmhs®) irradiated, 3) annealed
GeSe/GeS

For this purpose the PLD preparation technique asensuitable, the stochiometry of
the evaporated material retains the target one.indilas conclusion on the PLD
technology was made by other authors [6].

Optical transmittance spectra of PLD prepared Ga&e/are shown in figure
4.12. The spectrum is characterized by a sharprptimo edge and it shifts after
annealing or illumination. Cross-sections of trensmittance spectra are presented on
figure 4.13, obtained according to timesitu illumination scheme (see figure 3.4). The

relative units and absolute transmittance valuesshown as a function of duration of
light action.
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It is seen from the transmittance spectrum (fighirE2.) that the green laser

2 Tauc

light, whose wavelength is close to the absorpédge (estimated frorfahv)
plots,Ey = 2.07 = 0.01 eV)is suitable to induce a shift of the absorptioneedge to the
intermixing of the components. Therefdaresitu illumination was induced by = 532

nm wavelength laser light with the intensity 13 W/cni.
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Figure 4.13. The change of absolute (a) and relghby transmissions during

illumination of GeSe/GeS

The bleaching kinetics indicate a well pronouncedathdence on the wavelength of the
irradiation (figure 4.13. a). While the relativeebthing yields/T, = 2 onA = 500 nm,
it hardly reaches the value of 1.1-1.2 on otheredewgths. It seems evident to connect
this dependence with differences in the absorptmefficient, i.e. in the efficiency of
the excitation of the chalcogenide sub-layers, Wihice first of all responsible for the
stimulated interdiffusion.

Concerning the contribution of annealing to theidural change, the similar
shift of the absorption edge should be pointed lbudan be seen from the figure 4.12
(curve 3) that the resulting shift caused by anngails more pronounced than that
caused by illumination. It is caused by interdiftus between contacting layers.
Relative variation of the LAXRD peak intensity isosvn in Fig. 4.14. Diffusion
coefficients were estimated using Eq. (4.2): DE2810% n¥/s [104].

48



0,04

.

04 \ s=-17810 s
.0’8<

N
.

0 2000 4000 6000 8000
Time, s

InI/lo

Figure 4.14. Relative Bragg-peak intensity vs. ating time. Least square fit was
applied in the calculation of the diffusion coeifict, GeSe/GeS sample annealed
at 225°C

The volume change has been probed with the diffracpattern writing
procedure according to the scheme in figure 3. ARM scan of the irradiated
surface is shown in figure 4.15. Peaks of the plgisurface structure correspond to
the maximum intensities of the incidental diffractipattern. The relative magnitude of
the induced volume change reaches 8% (total theskoéthe samples wasuin). The
surface roughness is noticeably worse in comparisih the roughness of TVE

prepared samples, similar to what it was in the cdisSe/AsS; samples.
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Figure 4.15. AFM surface scan of the laser lightiinated GeSe/GeS sample
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This difference in surface quality is well refledtie values of root-mean-square (RMS)
of the surface roughness, which for TVE prepareth$&;, PLD prepared Se/AS;
and PLD prepared GeSe/GeS samples are 0.91 nmnh2ihd 2.28 nm, respectively
[105]. This difference in the surface roughness is comukwtith the PLD preparation
technique. During pulses clusters and bigger fragsneare deposited onto the
substratum. Nevertheless, optical measurementsaitedihat it does not influence the
optical properties of the sample, being illuminatéth much longer wavelengths.

The next type of metal/chalcogenide nanolayeredcstres studied was
Sbh/AsS;. A nanolayered sample with modulation period\of 6.5 nm, withd(As,S;)
= 3.15 nm andi(Sb) = 2.45 nm sublayer thicknesses, with the tosahber of bilayers
N = 100 (i.e. the total thicknest = 0.65um) was prepared by TVE method. The
obtained optical transmittance spectra are predemtigure 4.20.

Transmittance, %

400 600 800

Wavelength, nm
Figure 4.20. Comparison of the transmittance speiftd) as deposited, 2) irradiated,
3) annealed Sb/AS; multilayer

Both the irradiation and annealing cause photobieac i.e. the shift of the absorption
edge to the shorter wavelength region (curves 23aimdfigure 4.20.). Both irradiation
and annealing caused shifts of the absorption edgeearly of the same magnitude.
According to our preliminary investigations, it wagpected that the sensitivity of
samples would not vary significantly around the 550 wavelength. The millisecond
resolution transmission spectra were gathered glurnnsitu irradiation (scheme in

figure 3.4) by green laser light af= 532 nm wavelength and intensity | = 13 Wcm

50



Variation of the optical transmission with time Biumination and the bleaching
kinetics are presented in figure 4.21. (a) andréspectively.

It can be seen from figure 4.21. (b), that the oesp to wavelengthis = 550
nm andA = 600 nm is equal within the instrumental resolutiAlmost the same value
was observed at 532 nm. This confirms the assumpgigarding the high sensitivity in
this wavelength region. According to the absorptiedge width location both
wavelengths are suitable to induce the highestalpthanges. It is noticeable that the
magnitude of the absorption edgiift induced by light or heat (figure 4.20. spac
and 3) is similar in contrast to previous mentiosedhples of Se or Ge constituents.
Therefore, we performed a more detailed investigatn order to compare heat and
light induced bleaching behaviors to understand lihekground of annealing and

illumination kinetics.
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Figure 4.21. The change of absolute (a) and relgby transmissions during

illumination of Sh/AsS; sample

In situannealing kinetics was measured at a fixed wavétermyresponding to
the green laser light and on three different coriseemperatures (T = 90, 100, 110)
by Shimadzu spectrophotometer. The obtained restlifeaching kinetics of Sh/AS;
sample shows that thermally and light induced charigehave similarly under certain

circumstances.
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Figure 4.22. Annealing bleaching kinetics of Sh&st elevated temperatures in
comparison with the bleaching under illuminationdogen laser lightc523 nm) at
25°C.

As shown on the figure 4.22., the annealing ofghmple at 100°C induces bleaching
kinetic which is similar to illumination induceddaching kinetic at 25°C. It is worth
noting that the illumination contributes to lochétmal heating as the sample absorbs a
certain amount of incident light (figure 4.20.). Wever, it usually doesn’'t exceed
several degrees in chalcogenide-chalcogenide NMusyinated in the optical band
gap range at transmission coefficients near 30%)][I0aking into account the above-
mentioned arguments, the progression of heatingllmination induced processes is
assumed to be similar in these samples. At the same in the case of Sh/AS
samples they can be investigated independently.

The evaluation of photoinduced intermixing of tlmmstituent layers as well as
heat or photon induced diffusion was made fromddia of LAXRD spectra. Diffusion
coefficients calculated from the time dependenctheffirst Bragg peak are presented

in figure 4.23 for light induced and heat inducettidiffusion.
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Figure 4.23. Relative Bragg-peak intensity vs. tiRed line is the least square fit for
calculations of diffusion coefficients for photg @nd thermally (b) induced

diffusion in Sb/AsS; sample

For the light induced interdiffusion the obtainefiusion coefficient is [y = 1,06x10
! /s, while for the heat induced ong.Raing= 4,7%10° n¥/s. Thus, the rates of the
intermixing processes are different, revealing ¢hetain role of non-photon assisted

structural changes.

Estimates of photo-induced and thermal diffusioefficients can be made also
using data on optical transmission (Fig. 4.22)s ktlear that the increase of the optical
transmission at initial stages of intermixing occumainly due to dissolution of Sb
layers in AsSs. Due to the dissolution, the thicknesses of Sbrayecreases with time
and thus transmission grows. Computer simulatiothi®f process in the assumption
that Sb diffusion coefficient does not depend om toncentration. Fig. 4.24 shows

successive stages of dissolution and thinning®Stih layer.
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Figure 4.24. Simulation of Sb dissolution in,&sunder illumination
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The calculations show that the thickness of eactalr decreases with time according

to the formula
dgp(t) =dg, (0) = A( Dt)1/2 ) (4.3)
whereA is a dimensionless coefficient, which dependsharrélative thicknesses of the

Sb and AsS; layers. As the transmission of the Sb layer vavigh its thickness

according Eg. (4.3), one can easily find how tragsmn varies with time:

T(t) = L-R)?e™ ™= =T (0)e™ ™" (4.4)
whereR and a are the reflection and absorption coefficientspeetively. We neglect
variation ofR with the layer thickness. As it follows from E4.4),
T({)
T(0)
i.e. In[T(t)/T(0)] should increase proportionalfy.

In = aA(Dt)"? (4.5)

As the absorption coefficiemt is known, diffusion coefficienb can be calculated as

5 :{iAIn[T(tzléT(O)]} (4.6)
aA At

1/2

In Fig.4.25 we present dependence3([)[T(0)] versust™ both for thermal and photo-
induced diffusion. Some deviation from linear degmce can be attributed to possible
dependence of reflectivitig on the thickness of Sb layer because of the appearof
discontinuousity of Sb layer during dissolution.isTlean be a reason for differences
between LAXRD and optical methods: we have estitchaiéusion coefficient using
tangent at t = 0 and obtained for thermal diffusiDgheaing 1,0x10°° m’/s at 100°C ,
and for photo-induced diffusion ;= 1,2x10"® mf/s at room temperature taking
thickness parameter A in formulae (4.6) as 1. lamsethat the action of light is similar
to thermally activated diffusion with regards te ttructural changes in NML, but the
mechanism is connected with non-equilibrium procésexcitation by light (or e-beam,

as it will be shown later).
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Figure 4.25. Relative transmittance change durimgealing and illumination

Noticeable light induced volume change was not olesk even by AFM
investigations in these samples. At the same timeS3b/AsS; sample exhibited the
largest refraction index change compared with od@nples. While the change of
refraction index reachegn = 0.1 for GeSe/GeS, Bi/AS; [106-107] and Se/AS;
samples, the change of refraction index for Sgf\seeachesin = 0.3 (see figures 4.26,
4.27).
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Figure 4.26. The change of refractive index duangealing of a) Se/AS;, b)
Sbh/AsS; and ¢) GeSe/GeS samples

The behavior of the dependencesnobn annealing temperature and illumination is
different for the selected examples of NML, whishconnected with the appropriate
change of the refractive index in the proper bir@riernary systems [2]: in Se-/S5 it
increases due to the introduction of Se to theSAsnatrix, but in the case of

Sh(Bi)/AsS; or GeS/GeSe NMLs the effectiveof the nanomultilayer is larger than
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the refractive index of the mixture, obtained hasea consequence of solid phase

synthesis.
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Figure 4.27. Change of the refractive index duiilugnination of a) Se/AsS;, b)
Sb/AsS; and ¢) GeSe/GeS samples

It is worth mentioning that the nanolayered sampléh In or Au constituent
(Au/As;S;, INnfAS;S;) exhibit no volume change as well [108]. We codeld from our
experiments that all nanolayered samples with metalsemi-metals content do not
exhibit volume change during illumination at alhi§ is an important basic result and it
can find certain application also in recording eys$, where volume changes are not
desirable. Therefore, in the next part of our weekfocused on investigations to define
and describe the chemical and structural changdashwdccur in metal-containing
nanolayered chalcogenides during illumination.

An XPS measurement of investigated samples giveltiamal information
about the chemical state of the matter. SgAsanolayered samples have been
investigated and described in detail by Adarshl.gtl@9]. By probing the electronic
structure of the top layers, the chemical intecachetween As; and Sb layers can be
analyzed. We have determined the chemical compaosdf the Sb/AsS; multilayer
sandwich structure with Sb film at the top. Usihg tireas under XPS core level peaks,
the result is S:Sh:As = 51:28:21 in at.%. Taking iaccount the 1 nm thickness of the
top Sb layer and that 65% of the signal originftes the first 3 nm of the surface, one
can conclude that the observed significant decrgafas/S ratio of AsS; from 0.67 to
0.41 would be impossible without the partial intBusion of Sb and AsS; layers at the

deposition stage and/or due to the exposure toyX-rdhe existence of partial
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interdiffusion is backed by the fact that the cosipon of a single AsS; layer did not
differ significantly from the bulk glass used fhetfilm deposition.

The core level spectra for metallic Sb and glassgSAthin films are
considered as references. The comparison of b sgebctra of the freshly deposited
metallic Sb and Sb/AS; multilayers (fig. 4.28.) confirms the formation péw Sb-

containing compound in the latter.
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Figure 4.28. Sb 3¢ spectra of the freshly deposited metallic Sb anfdh$S; sample

Position of the peak associated with the new comgaos between pure Sb [110] and
ShOs; [111]. According to the reference [112], the bimglienergy of this compound is
close to that reported for §h. The same conclusions can be made by comparidgl Sb
spectra. The Sb 3d component can not be reliably used because olédap with O
1s spectrum. The difference in electronegativityAsf and Sb atoms (2.18 and 2.05
[113] is the main reason for the observed 1.2 edfribal shift of the S 2p peak for
As,S; film vs. Sbh/AsS; multilayer sandwich (fig. 4.29.).
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Figure 4.29. S 2p peak for £ and Sb/AgS; sample

It means that the AS; - SkbS; is the main structural transformation during
interdiffusion between the adjacent layers. Thees@ransformation can be seen also
from the analysis of As 3d spectra (fig. 4.30.)eveha 1.0 eV chemical shift is linked

with the formation of As-As homopolar bonds in @axf heteropolar As-S bonds.
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Figure 4.30. As 3d spectra for /& and Sb/AsS; sample

The fitting of the Sb 3d core level peak (fig. 4)3af the freshly prepared
multilayer suggests that ~10-15 at.% of Sb atorms foxide, most probably 30s.
This is represented by components marked ‘2" at/8¥ (for Sb 3¢,) and 530.0 eV
(for Sb 3d),), which coincides with the oxide observed on niiet&b (fig. 4.28). Most
of the Sb atoms are organized in §p@yramids (component 1, fig. 4.31), but ~10 at.%

of all Sb atoms still exists, most probably withihe Sb-Sb homopolar bonds
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(component 3, fig. 4.31.). The wide oxygen 1s congmb (FWHM higher than 1.7 eV)
at 531.8 eV belongs most likely to both adventiidydroxide groups and the oxygen
bonded with Sb. The shape and positions of As 2k gxclude As oxidation in this

sample.
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Figure 4.31. Sb peaks of freshly deposited samples

The above described chemical environment of Sb ifreahly deposited
Sb/AsS; multilayer is confirmed also by the fitting of 3l core level spectrum (fig.
4.32.). The binding energies of the Sb 4d companant close to those reported for
GexisShii S 7Using 284.8 eV Cls line as the reference [114].
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Figure 4.32. Sb peaks of freshly deposited sample

Fitting of S2p XPS core level spectrum of non-itedeld multilayer sample
shows two distinct pairs of spin-orbit split compats (fig. 4.33.). The major
component (1 in figure 4.32; ~72 % of S atomspatdr binding energy (161.4 eV for
S2p,) can be associated with 2-fold coordinated S flinkeith the lower
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electronegativity Sb within the ShsSpyramids [115]. The results show that there are
no more As$§, pyramids (observed at 162.5 eV for $zpfig. 4.29.) left in the
structure after interdiffusion. It suggests that thinor component at 161.9 eV belongs
to Sb-S-As fragments. S atoms in these fragmeatstaracterized by the value of XPS
binding energy between the values for As%nd Sb$, According to my best
knowledge this conclusion can be regarded as thersult in the literature on high

resolution XPS study of thin films in this glassyrtary system.
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Figure 4.33. S2p spectrum for freshly depositedpam

The analysis of As3d spectrum for the freshly preganultilayer is not unique
because of numerous fitting possibilities. The fasiof these spectra and the above
fitting of the S2p spectrum allow us to concludattthe majority of As atoms form
homopolar As-As bond within 3-fold coordinated asmime other complex units. A
fraction of As atoms is still within As-S bonds hatut the formation Assp pyramids.
Also, the very top of the sandwich is covered byd3iue; it appears to prevent the
oxidation of arsenic.

Laser irradiation significantly enhances oxidatadrboth As and Sb (fig. 4.34.
and fig. 4.35). The concentration ratio of the malements is S: 32%, As: 24% and Sb:
44%. Due to oxidation, the As/S ratio in the anatysurface region of the sandwich
drastically increases from 0.34 to 0.75, the top rfh layer becomes strongly As-rich
or S-depleted. Those Sb atoms which are not botwesygen form Sbs pyramids.
Analysis of S2p XPS peak shows that the conceatraif S atoms within As-S bonds

decreases to less than 10 % of all S atoms. EXgefitose present in arsenic oxide, the
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arsenic atoms are mostly in the units containintp #s-As and As-S bonds or in As

clusters.
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Figure 4.34. As peaks Figure 4.35. Sb peaks

It is reasonable to assume that a strong oxidaifatt takes place only at the
surface of the NLS during thermal or light-induciderdiffusion which can also
influence the structure of the matrix: possiblyc#tn be broken to small clusters or
islands of different composition. Neverthelessiititerdiffusion process in the interior
leads to essential changes of optical parametérheAsame time, contrary to the case
of Se/AsS; NLS, no volume increase or local expansion waees during AFM
surface profiling of lines or gratings previousbcorded in the investigated Sbi&s
nanolayered structures. This difference can beagxgdl at least by three causes of the
photoinduced volume change in Sef&swhich are absent or less probable in
Sb/AsS;. In Se/AsS; all these causes may be connected with the creaifo
chalcogen-related “wrong bonds” and defects likeéSeS and three-fold coordinated
chalcogen in -As-S-As-S-As- chains during intemusfbn under illumination, which
makes possible: a) the appearance of Coulomb fepuisrces between the charged
structural units [116, 117] and the local expansibthe photo-softened [118] material,
b) the increase of disorder and free volume in ¢halcogenide glass due to the
increased number of defect bonds related to thieafpan atoms [119, 120], and the
related c) decrease of the density of As-S-Se sidtion in comparison with one

calculated for the composite [121]. The introductaf Sb atoms causes passivation of
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above mentioned defects, since according to ouvealamalyzed results Sb actively
creates bonds with chalcogen atoms. The oxidatimtgsses can also inhibit the
volume change.

For more detailed understanding the exact intemslidn process, low
temperaturein situ transmittance kinetics was compared with room tauoire
transmittance kinetics for Se/&%, Sb/AsS; and In/AsS; nanolayeredhalcogenides
(fig. 4.36. a, b and c). The samples were placeslvacuum cryo chamber, which was
equipped with two optically transparent viewporndows. The sample temperature
was stabilized at 100 K using liquid nitrogen cogliGreen laser light with= 523 nm
wavelength was applied for sample illumination whiat the same time served as
reference light source. Thus, the change of reatansmissions was determined. In all
cases the samples showed photobleaching effectibdtihg these changes to
intermixing, one can assert that we have detedtetbpnduced diffusion at 100 K. It is
worth noting, however, that the bleaching kinetatslow temperatures has a non
exponential character [122].
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Figure 4.36. Bleaching kinetics during illuminatiohSe/AsS; (a), InfAsS; (b) and
Sh/AsS; (c) at low temperature.
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Such low temperature behaviors can be explaineghbimtermixing effect, which does
not follow Fick's law. An important support to thigssumption is given by the
measurements of photo-stimulated changes of theriasion spectra at liquid helium
temperatures (see figure 4.37.). Samples were mexhsuth respect to the observed
optical transmission changes (bleaching at cesmeivelengths) in an acceptable time

domain under the influence of greén= 530 nm, L1 in Fig.4.24.) or red &€ 630 nm,
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L2 in Fig.4.37.) laser irradiation with power defes between 0.1-10 W/émOptical

transmission measurements at room and low (4.2}@@mperatures were performed.
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Figure 4.37. Transmission spectra of ShB8Adilm at room temperature and 4.2K,

before (as prepared) and after the illumination.

The laser light is able to excite or break bondshasbinding energy does not
change with temperature. Therefore, atomic dispierds and fluctuations in atomic
interactions occur as well. As a result, the spdisribution of atoms changes in time,
which causes an atomic intermixing. At low enougmperatures vacancy creation
differs from a room temperature one as vacanciesfaszen” and cannot migrate in
the matter. Therefore viscosity appears to be higleancies are localized and their
migration is limited. In such manner the linear dabrs (instead of exponential
following from the Fick’s law) are predictable, vithg obtained.

It can be concluded that one of two componentsfbigion (the light induced
one) behaves like a ballistic transport and do¢<imange due to the cooling, except for
the influence of excitation cross sections anditifes of defects at low temperatures,
while the thermally induced one disappears at lemperatures. This assumption
follows also from the novel model of photo-inducetss-transport in amorphous

chalcogenides [123].
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The advantage of induced interdiffusion of a maned a less-absorptive layer
of a nanolayered chalcogenide-based composite stengi the creation of solid
solutions with a changed optical absorption edgeadiation by laser light with
wavelength corresponding to the optical band gaphef matrix material induces
interdiffusion,where the light penetrates all sub-layers and bsemption is still rather
efficient. Laser exposure leads to solid statelmsgis of a three-component material
from initially separated nano-layers. We note thediting from laser irradiation can not
be the primary cause of the observed photo-blegchéince a similar effect was

observed at low temperature (fig. 4.36.) measurésn&vo.
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Thesis based on corresponding chapter

1.

| have established by experiments that the thesaallum evaporation and
the pulsed laser deposition methods are equalkaldai for fabrication of
nanolayered amorphous chalcogenides. It was deratest by Raman-
spectroscopy measurements that the S&AGeSelGesSs; samples
which were prepared by these two methods had tmee sstructural
characteristics. By supplementary photo-spectrasamgasurements | have
shown similar photoinduced changes (shift of thé&cap absorption edge
and increase of optical transmission) in both tymdssamples. The
differences in the morphology and surface roughresshese samples,
which were measured by atomic force microscope, caesed by the

circumstances of the deposition.

According to my investigations, layered structundsch contain metals or
semimetals (Bi, Sb, In, Au) do not exhibit photohilced volume change,
contrary to the well known amorphous chalcogenigets (AssSeo, ASSs)

or amorphous multilayers made of these materiatsth@ other hand, the
changes in optical parameters have the same ceatiacmultilayers: the
transparency increases, the absorption edge s$biftee shorter wavelength
range, and the refractive index changes. At theesiime, the low angle X-

ray diffraction measurements show that the neighbdayers are mixing.
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4.2. Electron-beam induced surface patterning

As previously mentioned, chalcogenide glassesbéxainumber of structural
changes when exposed to electron beam [124-12%} &hthe absorption edge or
surface deformation have been observed in bulktamdfilms under electron beam
exposition. Expositions were made onto sample sasfawithout any conducting
covering, on the one hand, and, in order to acqyixad quality patterns, with a gold
layer surface coating to perform charging effecte Surfaces, on the other.

The basic lithographic process is an essentialgfarearly all planar patterning
processes. High resolution lithography is an imgratrtechnological pursuit in research
and development because it enables both high pesftze and unique device
applications, and because of its economic impoetamindustry.

Experimental setup, as described in Chapter 3jeimeral consists of SEM

equipped with a beam-blanker. Total exposure tiarele denoted as:
== (5.1)

| — the beam current delivered to the workpiece

A —the area on the wafer to be exposed

Q — the charge density to be delivered to the exposgion (often called like “dose”)
The beam current is related to the beam half-aaglend the diameter of the

spot focused on the substrate (d) by the relatipnsh

| =,8(%2j(m2) (5.2)

S —is the brightness of the source.
In general the current density in the spot isurdform, but rather consists of a

bell-shaped distribution. As a resultcorresponds to an effective spot diameter.
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Thomson-Whiddington law gives the energy loss ef ékectron beam when it

passes through the amorphous resist [126]:

EZ-EZ=1Dbz (5.3)

0,5

b' = 6,9x109[ . A J (5.4)

0,2

Ea — energy of the electrons when they enter thatréigi eV)
Eg — energy of the electrons when they exit (in eV)

z— thickness of the resist (in cm)

p — density of the resist (in g/én

Z — effective atomic number

Since sample constituents mainly consist of clgdoales, which are
semiconductors and inorganic photoresists, we cadte vthe power dissipated in

nanolayered samples as:
P.=1.AE,, (5.5)

wherel is the current of electron beam, affel = Ex-Es.

Bishop's data [127] indicate that the mean enefgh® backscattered electrons
is 60% of the incident energy. If the mean electeaergy is known as the electrons
enter the resist, one cannot use the Thomson-Wigtith law to calculate the energy
lost in the resist filmAE;g, for two reasons: first, the spread of electranwide and,
second, the directions of travel of the backscadtexlectrons are not normal to the
resist substrate interface, in general.

The quantity that controls the change in solubitifya resist is the total energy
absorbed per unit volume (energy density)J-m°). Assuming that the energy is
uniformly absorbed in a resist layer of thickness is related to the exposure ddle

by the expression

67



LBEG)
Z
For example, this equation indicates that an exgodase of AC-cni* corresponds to
an absorbed energy density of 3,6-16n°
Deviation for spatial distribution of energy mag &xpressed as (in um)

9462\
(o :( v j (5.7)

V — accelerating voltage in keV

z— thickness imm,

which in this case of investigated samptes0,25um.
In the first step a pilot Se/AsS sample was iatat by electron beam. Pressure

in the sample chamber was™1fPa, accelerating voltage was 10 kV, aperture size

200um and the working distance 20 mm.

Figure 4.35. Irradiation imprints after scanningSiBM (the bar = um). Lines were
irradiated with dos€ = 0.5 C/cri (bottom),Q = 1 C/cnf (middle)
andQ = 1.5 (top) C/crh

Three lines on the sample surface were irradiated $EM microscope in a dot-by-dot

manner by the e-beam. The irradiation current waasured beforehand by a Faraday

cup. Thus, the dose was determined as a functidgheofcanning time. The obtained
three irradiated lines with 0.5, 1 and 1.5 C/auses are presented in the figure 4.35.
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AFM investigation of the irradiated surface (sag #.36.) reveals significant change in
the volume of several percents that correlates dath of Tanaka [128].

The pilot GeSe/GeS and SbiSs samples were irradiated under the same
conditions. After systematic measurements GeSe/Gafples showed similar
behaviors with the same irradiation doses, whilBASiS; samples did not exhibit any

surface change even at higher doses.
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Figure 4.36. Imprints of the e-beam irradiationtiod Se/AsS sample

Detailed investigations of the e-beam irradiati@used surface changes were
investigated by LEO 1550 VP FE-SEM e-beam lithobyagystem. Experimental setup
is presented schematically in figure 3.6. Irradiatiof conducting coating free as-
deposited samples was made at 30 Pa pressure riogarit environment. The
accelerating voltage during writing process varietween 5 to 30 kV. The beam
current was measured by a Faraday-cup before eachim order to minimize the
scattering of electrons on nitrogen atoms, worldiggance during patterning was kept
constant at 3 mm. Finally, beam spot was focused arspot approximately 1 nm in
diameter.

In order to find the optimum conditions and dose foe electron-beam
irradiation, a matrix of 64 emptyim x 5um squares with im spacing between them
was recorded on the surface of the sample. Inwvilaig a matrix of 8 x 8 separate

structures, each one with a different dose, wamddr Accelerating voltage was
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determined by systematic measurements and a Marte-8imulation using CASINO
V2.42 software [129]. In these calculations theeterating voltage was chosen to 30
kv for penetration into Sh/AS; and Se/AsS; NLS, although already the 15 kV
acceleration voltage ensures more than 80 % dithéelectron energy to be absorbed
in both structures (fig. 4.37.) [130, 131].
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(a) (b)
Figure 4.37. Electron scattering trajectories (&) anergy distribution (b) in a
nanolayered sample. The calculation was made byté4Garlo simulation [130].

Acceleration voltage was 15 kV.

The beam current was kept constant. The dose wariatas realized through the
variation of the irradiation time, which was cakgld and set by the guiding software.
Three types of nanolayered samples were consideratktailed investigation:
SelAsS;, GeSe/GeS and Sh/fS;. After electron-beam irradiation, i.e. patterntimg,
the irradiated area was first observed under aimm@lys BH-2 optical microscope at

x100 magnification. The observed picture was reedndith a digital camera.
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Photobleaching was expected according to the fitexd132] and our data on
photo- and thermally induced processes. The wriggatiern was observable in all
samples. In figure 4.38. we present the recordetknpavisualized under optical
microscope in transmission mode. According to tepethdence of the refractive index
on the exposure which has already been determised fig. 4.26.), the optical
microscopic observation in transmittance mode ghigher pattern contrast at bigger
refractive index change. Hence, in the case of $B/Ahe observable pattern contrast

is the highest while in the case of GeSe/GeS sathpleontrast is small.

a) b) c)
Figue 4.38. Electron-beam patterning imprints urggeical microscope of a) Se/#ss,
b) Sb/AsS; and c) GeSe/GeS samples

Optical transmission change occurred as well inrahmus AsS;, where the
magnitude was dependent on the time of irradiagioth electron-beam density. In this
case the determination of the situ optical transmission change after or during
electron-beam irradiation was not possible duéé¢osmall size of the area irradiated by
e-beam.

AFM scanning was preformed in tapping mode almasinediately after

irradiation, although the relief does not relaxhmtmonths.
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Figure 4.39. AFM surface scan after electron-batimadraphy on Se/AS;

nanolayered sample

The dose of irradiation was increasing from squarsquare during the electron-beam
patterning. The lowest dose corresponding to tlvarggin the left corner (white arrow
in fig. 4.39.) was set to 0.1 C/énwhile the highest dose corresponding to squatieen
right corner (red arrow in fig. 4.39.) was set taC&nf. The same procedure was
applied for Sb/AsS; and GeSe/GeS samples, as well. Investigations #mawolume
change appeared only in the cases of S&and GeSe/GeS samples. Sh&oes
not show volume change after electron-beam irratiatNevertheless, the change of
the refractive index is noticeable, as presentdijure 4.38 (b), and it is comparable to
the results of optical measurement.

The electron-beam patterned samples were subjettdedietailed AFM
investigation. As Sb/AS; samples did not show any volume change after npattg
the investigations of the surface were focused efA$S; and GeSe/GeS samples.
These more detailed AFM investigations of the etecbeam irradiated area were
aimed to reveal the conditions which are suitablerhaximum volume change and
one-step electron lithography method. For this psgponumerous experiments have

been done with different area dose matrix pattgrnimadiated areas were investigated
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in a one-by-one manner, as presented in figure. 40tthe Se/AsS; sample and in
figure 4.41. for the GeSe/GeS one.
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a) b) c)
Figure 4.40. AFM surface analysis of the irradia®edAsS; surface, a) 3d surface
scan, b) 2d surface scan, c) cross section

20.81
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Figure 4.41. AFM surface analysis of irradiated &/€&®S surface, a) 3d surface scan,

b) 2d surface scan, c) cross section
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Figue 4.42. Relative volume (thickness) changdefayer after electron-beam

irradiation
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As it was observed and described in Chapter 4nthim difference between
Se/AsS; and GeSe/GeS samples after laser light illuminatiwas the surface
roughness, which originated from the different pmggion methods. This effect is
confirmed here, as well. The sample prepared by Ridbnique differs mainly in the
surface roughness. The relative volume changefigese 4.42.) vs. irradiation dose
above 2.5 C/chis the same for both types of nanolayered samples.

The expansion, measured in nanolayered samples imnthe separate
components (Se and &) under similar conditions reveals that effectsim-layers
are not additive. The sum of expansions in sep#agéss is about only 30%f the total
expansion measured in nanolayered samples. It mésats e-beam intermixing
enhances the extension process, but on the whiakes place in combined materials,
as well asin the resulting As-S-Se mixture. AFM cross-sediaf induced volume

change are presented on figure 4.43.
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Figure 4.43. Volume expansion of separate thinrkagé Se (a) and AS; (b).

In the next step we irradiated the whole area eingle square. Appropriate
dose recalculations were applied for the given arehthe same idea and configuration

were used as a preliminary in the case of the np&ttieshapes of single squares. The

result of AFM surface observation is shown in figdr44.

74



=] Ex1]co] File | ‘Scale | View | Edit | Owtions EE

W
408 G /\

(2] zana 4088 6808 88@  1A@AA  12AP@ 14888 16808 nM

=] File | icu | Edit | Tools | Operation | [ascebeam.mdt #]2]

10888

[0 i A: Height 4] 9 |»]

Figure 4.44. Full area irradiation of Se{8s

As it is well seen, the essential volume changesargppmostly at the borders of the
irradiated area. The situation, however, is momamex. Patterning a matrix of 8 x 8
full squares onto the Se/#& nanolayered sample reveals that homogenous bieachi

IS observable in the irradiated areas in transomssnder optical microscope.

.
() (b)
Figure 4.45. Full area irradiation matrix with @ifént doses: (a) optical microscope; (b)

AFM of a segment

The magnitude of the bleaching corresponds torthdiated dose, i.e. the lowest dose
appears at the upper left corner and the highesst dbthe lower right corner (see figure
4.45.(a)). AFM observation of the same area yisldslar results to the observation

from the preliminary experiment presented in figdré3. The AFM surface scan of a
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segment is presented in figure 4.45.(b). It isgeatble that volume expansion occurred
mostly at the border of the irradiated areas, whiegescan ends and the e-beam returns
back. An additional dose was possibly added heteegample. In the case of a simple

spot (or a lens-like cup) the picture is more didifsee.Fig.4.46)
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Figure 4.46. Spot irradiation of Se//Ss
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Thesis based on corresponding chapter

3.

I have performed experiments to study the influeoicelectron irradiation
on the characteristics of chalcogenide layers amblayered structures, with
a special attention given to the changes of thecstre and optical
parameters. Comparison of the photon-induced dpmica volume changes
with the volume changes induced by electrons allomes to make the
conclusion that they depend equally on the irrémtiatenergy. | have

established that the basic mechanism of the chasgasilar.
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5. Mechanism of induced changes

Photoinduced and electron-beam-induced processeslieen assumed to activate
similar structural changes in the investigated ggas since both are able to excite the
electronic system which can trigger atomic disptaeets. The response of the
electronic system depends on energy distributiofocdlized states, which in turn is
connected with composition, treatments and thadation technology.

Both the thermal treatment and optical irradiatmifect the interdiffusion
within a given sample. In the case of SeRNLS the thermal and optical bias on the
interdiffusion process appear just above room teaipees. In other chalcogenide-
chalcogenide samples this range shifts to the hitgmperatures, according to the Tg
of components.

It was established that the thermal diffusion doefhts at 100°C are equal to:

D(Se/AsS;) = (2.2 + 0.5) x 18° mé/s;

D(GeSe/GeS) = (2.1 + 0.5) x 1om?/s;

D(Sb/AsS;) = (5 + 5) x 162 m/s;

These data indicate that the diffusion processdbably more or less independent form
the composition in chalcogenide-chalcogenide NLIgens the movement of chalcogen
plays main role. The case of Sb-chalcogenide NMéxseptionally interesting, since
the thermally induced diffusion is slow at room parature, but it is essentially
enhanced by illumination @R = 1,06 x 16" m/s). This fact can be related to the
peculiarities of diffusion and bond creation of iBlthe chalcogenide matrix, as well as
to the known enhanced sensitivity of Sb to the tlighxcitation used in the

photomultipliers.

In spite of these differences the total (by lightl@-beam) introduced energy
which is necessary to achieve measurable structirahges and optical effects is
approximately the same, so the diffusion process®BviLs correlate in the whole and
the mechanisms of structural changes due to tleenii®ing under illumination or e-

beam can be assumed to be similar.
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The diffusion of components in the gradient of tt@incentration either in a
simple non-uniformly excited layer or in the nan@eed structure under existing
conditions of photon-(electron) induced plasticfythe chalcogenide glass seems to be
a basic effect in these materials [133, 134]. Tracgss can be regarded as jumps of
atoms or structural elements into the nearby mimme or microspaces. At high
temperatures and comparatively low pressures, thantily and the size of such
microspaces in fluids or melts are high while, ba tontrary, at low temperatures and
high pressures they just begin to develop. Thee“frelume” theory assumes that the
vacancies appear during reorganization of moleai@gher structural elements, which
is induced by thermal fluctuation (or incident aher phonon). In this way a free
volume will be concentrated in a space close touetiral element which contains the
defect. The lifetime of the defect will be not ledgn the lifetime of the excited
electron-hole pairs (usually near0 10* s in chalcogenides [44]), but it can be much
higher for connected electron-hole pairs like vetenlternating pairs, etc [35]. This
can be the reason of additive effects at contindmesrecording by e-beam, which
results in the formation of match-stick structusmentioned below.

E-beam recording of dots, lines or closed loopstérgles) in Se/AS$; NLS
resulted in optical bleaching and local expansiimilarly to the laser beam. The
expansion can be as high as 5-10 % of the intigkbess of the NLS, although in
some samples it is even larger. As mentioned, Xparesion of separate components
(Se and AsS;) reveals that the effects in sub-layers are nalitied. The sum of
expansions in separate layers is about 80%e expansion in NLS. It means that the e-
beam intermixing enhances the extension procedsorbihe whole it takes place in
combined sub-layers, as well as in the resulte®A3= mixture.

The observed non-linearity of the laser and theanb stimulated expansions
over a certain power or current densities can tribated to the heating effects. These
heating effects influence not only the rate of geaand defect generation, but the
change of the viscosity (and the thermal compoangtite diffusion coefficient) as well,
in addition to the pure irradiation—stimulated one.

In this way the efficiency of mass transport, defedgration and structural

changes increase exponentially which results inntikasured dependences of volume
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changes (presented in fig.4.42) [135]. If the disfeand appropriate localized charge
carriers belong to the different structural eleradphains and sheets) [117], the simple
Coulomb interaction could also contribute to théumme change. This is possible only
under limited conditions of decreased viscositythaf excited glass volume, enabling
the extension towards the surface due to the iakgmessure. If the e-beam irradiation
induces viscosity change similar to the photo-skitad one, a pre-softened area with
decreased viscosity will move in front of the edmepulse. In this way the resulting
expansion will increase at the same expositions Tan be the explanation of the
match-stick shape of the recorded line or the bgmawth in the closed loop. In this
case the radial distribution of viscosity changeies according to the electron
scattering in the layer.

The pressure dependence of the photo-stimulateerdiffusion in NLS
supports the important role of the defects and svaidinterdiffusion and expansion
processes [136]. Since the minimum energy neces$satiye formation of an elemental
free volumeV, (a hole analogous to a vacancy) is equal to the wade against the
internal pressureE, =HV}, , whereH is the microhardness [137], the photo-(electron
beam) “softening” of the structure enhances then&tion of additional free volume.
This volume is frozen in after the cessation of ¢ieitation. In this way “softening”
gives possibly the main contribution to the obsdregpansion effects in a simple layer
and in NML.

It should be noted, that the initial structure ammposition, as well as the
technology of the homogeneous or composite masehiave a very important and
sometimes unpredictable influence on the discusgpénsion effects. This can also be
one of the reasons of the discrepancies founderptiblished papers. In our case the
presence of highly absorbing and fast diffusingahiet the Sb/AgS; NLS caused large
optical changes. At the same time it may causediasipation of additional charges,
which reduces the Coulomb repulsion part of theaagpn. The increased rigidity can
be a more important factor of the NLS and of treulteng mixture as well, since &h
structural elements and free As or arsenic oxides farmed in mixture regions

according to the XPS measurements. It is worth imeimy that octahedral position of
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As atoms in AgO; or/and AsS; could be substituted by Sb atoms without vacancy
creation [138].
Some additional remarks follow from the presentég@m recording results:
» the conservation of the volume seems to be noillédlf See the example in

Figure 5.2, where no essential depression is a@dtiecaround the bump,

~
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Surface distance 923.86 nm
Horiz distance 918.20 nm
Vert distance 1.763 nm
Angle 0.110 °

Figure 5.2. Electron-beam induced microlense

» the local expansion is increased along the linghef e-beam spot movement,
making additional bumps at the corners and atideog the line (the effect of the

“match-stick”, figure 5.3)
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Figure 5.3. AFM scan of electron-beam induced sEuath appropriate cross sections
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« the typical total input energy in the case of lasediation was 21.6xf@/cnf
and in the case of electron irradiation 4.8%1@nf which reveals the importance
of the direct energy conversion (possibly the nunatbgenerated charge carriers,
i.e. simultaneously created defects and vacantoesthe realization of certain
structural transformations (interdiffusion and exgian or just the creation of

new multicomponent material).

Following the novel theoretical considerations be kateral mass transport in the non-
homogeneously irradiated chalcogenide layers thestigated e-beam induced surface
relief formation mechanism can be further develofadng into account the surface
tensions, defect generation rates (which are ledigtable in the avalanche conditions

of high energy electron impacts), heating effeets,
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Thesis based on corresponding chapter

4. By X-ray diffraction measurements | have establishimne diffusion
coefficients and compared the intermixing in diéier multilayers. The
results show that the mechanism of the diffusiococess does not depend
essentially on the composition of the samples hther on the peculiar
defect structure of the amorphous chalcogenide naatd his is supported
by the time dependent changes of optical transarisai low temperatures,

which are determined by the bonding defects, vaear{micropores).
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6. Applications of direct surface patterning

The change of electric conduction characteristic StifAsS; nanolayered
samples was measured during illumination. The titapendence is shown in figure
6.1.

2,54

2,0 1
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-
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0 100 200 300 400
Time, s

Figure 6.1. Photobleaching (1) and electric condudtinetics (2) in Sb/AsS; sample

According to such behaviors this kind of structigeapplicable for the detection and
measurement of light and electron-beam doses bgurieg the lateral resistance of the
parallel antimony layers in the NLS.

In addition to the number of known possibilitielsoptical data recording on
chalcogenides, the developed Sh&yaanolayered structures could be applied for this
purpose with higher efficiency because of highefration index and optical
transmission change [139].

Diffraction gratings are also an opportunity foegse IR optical applications.
The appropriate change of grating efficiency ofstheamples was observed by the
measurement of the kinetics of the first refleddttaction peak, when the grating was
written by the projected interference pattern ob teoherent green laser beams. The

obtained results are presented in Fig. 6.2 foedsffit samples.
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Figure 6.2. The kinetics of intensity change infirg diffraction peak for a) AS;, b)
SelAsS;, €) Sh/ASS;, d) INfASS;

In the case when nanolayered structure containsalnenstituents, no volume
expansion was observed. This effect makes thenmatdeitfor performing pure
amplitude-phase modulation diffraction grating with local expansions, which can
introduce undesirable stresses and image defomsaitiche optical element.

Micro-nano devices can also be fabricated by direne-step electron-beam
patterning, without undesirable wet- or dry etchiag is known in normal resists [140].
The artificially induced effect of match-head fotioa was avoided by patterning one
object, as Fresnel lenses or others, in sevenas ste

As an example for patterned objects, optical elénmentotyping, electron-

beam created micro scattering lens on S&8As presented in figure 6.3.
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Figure 6.3. AFM picture of scattering lens (radiad.0um)

With a specially developed program for e-beam paittg system, presented in
figure 3.7, it is possible to create Fresnel lensiék predefined parameters. One of

such lens is presented in figure 6.4.

Figure 6.4. AFM picture of a Fresnel lens create®e/AsS; NLS (outer radius
r = 10um)

An advantage of such lenses is the small size trgpexensitivity and possibility of
tailoring spectral properties, based on the santpje. Of course, the e-beam
prototyping of one or even more optical elementa imatrix needs some more time, in
comparison with simple two-step resist, but theapwters of the element can be
controlled immediatelyin situ, and the multiplication process by imprint tectugyl is

possible either directly from the prototype to phastic or via metal mold creation.
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The idea of creating a micro-nano sized Green l@hgsh is presented in figure
6.5., is another possibility. For this purpose botbes of nanolayered samples are
suitable. In the case of SelSs the refraction index change will be accompanied by
volume expansion, while in the case of ShB8\st is possible to create a refractive

index gradient without volume expansion.

Figure 6.5. Fabrication of Green lenses

An array of needles is presented in figure 6.6eifflshape and geometry

correspond to the described bump presented indfiLe.

Figure 6.6. AFM picture of micro-comb withy®n periodicity
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7. Summary and conclusions

Chalcogenide glasses or, more generally, amorpbloalsogenides are known
as excellent materials for optoelectronics. Theerggt in amorphous nanolayered
materials is caused by the wide range of tunakbpeasties [9] by external excitation
such as light, e-beam or other sources of enerylyddd by comparatively easy
preparation and technological issues in comparieanther crystalline semiconductor
materials. When the modulation period in layeradcttires falls in the range of few
nanometers, new possibilities open for tailoring troperties of samples and for
development of basic theories and applied solutionphotonics or electronics [4].

The most common technique for the production obigainous thin layers is the
TVE. In the case of nonstochiometric evaporatidtl) Rechnique is can be considered.
My experimental results show good agreement betwherntwo sample preparation
technologies [6, 103]. Thus, new sample formatsopassible.

Investigation of laser light and e-beam inducedun® expansion and surface
pattern formation in the selected Se/&s GeSal/GesSs; and Sh/AsS; nanolayered
structures, as well as in simple Se andSAfayers as model ones, and in a number of
similar structures revealed optical bleaching in\&IS [103, 104]. Volume expansion
occurs only in chalcogenide-chalcogenide NLS andthe given homogeneous
chalcogenide layers. Based on the comparison cfetieo different excitation and
recording processes, the essential roles of pereh-hole excitation, bond switching
and thermal activation processes in the mechanisminterdiffusion and relief
formation are identified [105, 131].

First of all, the relief formation is connected lwitradiation-induced electron-
hole pair and defect creations, thus free volunoeesses during sample irradiation.
The bond switching, and the possible additionduarice of electrostatic forces, results
in local mass transport [135].

Efficient photo- or thermally stimulated interdiffion in Sb/AsS; nano-
multilayers is demonstrated and explained by icteya of antimony with sulphur
atoms at the expense of As-S bonds [118]. The psoiseaccompanied by the reaction

of As-As units, and of antimony with oxygen at twaface. The exact role of oxygen in
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the volume of multilayers is not clear yet. Explkioa of the volume change in
chalcogenides under illumination is mainly suppogede connected with the presence
of chalcogen-related “wrong bonds” and defects [1TBese defects are passivated by
Sb atoms during interdiffusion in Sb/& NLS, while they continue to exist in
Se/AsS; NLS in which giant local expansion accompanies heotoinduced
interdiffusion.

Large optical transmittance and refractive indeange at relatively low light
exposures without local change in volume are charatic for interdiffusion in
Sb/AsS; NLS [140]. Therefore, these structures can be wseefficient media for
optical amplitude-phase recording of patterns faoelectronics [139].

Additional experiments on the influence of someahahd dielectric sub-layers
on the stimulated expansion in nanolayered strastoan be proposed and will help to
verify the model. Efficient stimulated interdiffusi processes at low temperatures have
been discovered and serve as a basis for furtheamment of the models of light, e-

beam stimulated diffusion processes in amorphoakaogenides.
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8. Osszefoglalas

Bevezetés

A kalkogenidek kalkogén (kén, szelén, tellur) éssmmfemek vegyulete, vagy
Otvozete. Amorf Si és Ge mellett az amorf kalkodekj az elemi kalkogénekkel
egyutt, a szervetlen nemkristalyos szilard félugzahyagok egyik legfontosabb
csoportjaba tartoznak [1, 2, 3]. Kulonleges tulagiguk, hogy kutssugarzas hatasara
(fény, K5, elektronok, ionok) akar tobbszordsen is képesegvdltoztatni a fizikai,
kémiai tulajdonségaikat [1, 4], vagy - tipikusamk®z amorf kalkogenidekre jellethz
mdbdon - fotoindukalt optikai elnyelési él-eltolotfl] és indukalt térfogatvaltozast [2]
mutatnak. Szerkezeti tulajdonsagaik széles hatiéak valtozhatnak, akar reverzibilis
mdédon [9]. Mindez a nemegyensulyi termodinamiki@dtanak készonh&tAz amorf
kalkogenidek dallitasa technoldgiailag Iényegesen egyidziera kristalyos félvezék
elédllitasanal [5]. Ezért az amorf anyagok kutatasssha ideje a szilardtestfizika és az
anyagtudomany egyik legdinamikusabbanst#jlaga [3, 12].

Az utdbbi évtizedekben az optika, optoelektroné® a fotonika fefildése
kovetkeztében egyreéraz Uj optikai anyagok iranti igény. Kulondsen aZélvezet
amorf anyagok kutatasa indokolt, amelyek fizikagywalektromos tulajdonsagai kils
besugérzasok hatasara modosithatok. Masrészt lkeerervaltozasok és a diffazios
folyamatok vizsgélata nanoskaldn mélyebb betekintéiztosit az anyagok
viselkedésének feltarasaban. Az amorf kalkogenidalajdonsagai nanoskéalan
multirétegek elallitdsaval vizsgalhatok [4, 5, 8].

A dolgozat célja sajat eredményként ismerteteterieés elektron-besugarzéas
altal amorf Se/AsS;, Sb/AsSS:, GeeSedGesSs; multirétegekben éldézett szerkezeti
valtozdsok és domborzati mintazatok kialakulasanak Osszehasonlitdsa, a
multirétegekben indukalt keveredés mechanizmusanakelyebb feltardsa, valamint

néhany gyakorlati alkalmazéas megvalositasanak ata¢asa.
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Kisérleti eszk6zok és moédszerek

Munkam soran a kovetké&zisérleti eszkfzoket és modszereket hasznaltam.
Multirétegeket kalkogenidek és mas Osszéitesiklikus vakuumgzolése segitségével
készitettem 99,999% tisztasagu anyagokbdl. Ennelbdszernek az a hatranya, hogy
csak néhany oOtvozetet lehet sztochiometrikuséxilgi. Ezért 1ézerporlasztiassal és
vakuumparologtatassal is készitettem ugyanolyarstipmintakat. A mintak tipikusan
egymast koévét 100 birétegbl alltak, és az 6sszvastagsaguk nem haladta méquaz-

t. Szerkezetiket Bruker gyartmanyu IFS 55/FRA tipuRaman-spektroszkopiali
berendezéssel vizsgaltam és hasonlitottam 6ssgezd@ rontgendiffrakcio méréssel
ellendriztem a hatarfeluletek miiségét. A hatarfellletek indukalt keveredégéiedig

diffuzios &llandokat hataroztam meg. Shimadzu UWEB6 tipusu optikai

spektrofotométer segitségével végeztem az optikaieszbképesség méresét. Az
ateresaiképesség itheni valtozasat lézerbesugarzas hatasara pedignOptes

tipust spektrométerrel mértem, milliszekundumaofeithontassal. A kémiai allapot
feltérképezése céljabol rontgenspektroszképiai sedet Scienta ESCA-300 tipusu
berendezésen végeztem és a CasaXPS szoftveriedléné ki a kapott spektrumokat.
Elektronokkal LEO 1550 VP FE tipusu pasztazé etektrikroszkdépban végeztem
besugarzast és az igy besugarzott mintdk fellRigital Instruments DI-3000 és

Solver P7 tipusu atomimikroszképokkal vizsgaltam.

Eredmények és kdvetkeztetések

Raman-spektroszkdpiai kisérletekkel megallapitotta hogy
vakuumparologtatassal és lézerporlasztasséhlligbtt Se/AsS; mintdk azonos
szerkezeti tulajdonsagokkal birnak [6, 103]. Ezekanéréseket fotospektroszkaopiai
meérésekkel kiegészitve, ugyanolyan optikai tulagdgokat tapasztaltam a kétfajta
mintakészitési eljards Aaltal készitett mintakon. védetesen, az optikai
ateresaiképességuk ugyanolyan mértékben valtozott [103]elagelési €l mindkeét
esetben a roévidebb hullamhossz tartomany felé etiGal, tovabba a |ézerbesugarzas

altal indukalt térfogatvaltozas mértéke megegyefAdiB]. Lényeges eltérés a mintak
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morfologiajdban és fellleti durvasagban volt [108hkuumpérologtatassal simabb
felileti mintdkat tudtam éhllitani. Kovetkezésképpen () Osszet@tehultiréteg
kalkogenidek dfallitasara mindkét minta<&llitAsi modszer alkalmazhat6. Ezaltal
lehetség nyilik Gj, az irodalomban eddig nem ismert irétitgek edallitasara. igy,
munkam sordn pl. GeSead/GesSs; multiréteget vizsgaltam és hasonlitottam 6ssze az
irodalomban méar jél ismert multirétegek tulajdoraiggl [104]. A kisérletek azt
mutatjak, hogy a GgSed/GesSs; multiréteg ugyanolyan meértéktérfogatvaltozast
mutat, mint a Se/AS; multiréteg, de az optikai érzékenységi tartomaspékal
sZikebb [104], ami kedvézlehet gyakorlati alkalmazasoknal.

Fémet vagy félfémet (Bi, Sb, In, Au) tartalmazo ltinétegek elektronokkal
vagy fotonokkal val6 besugarzdsra nem mutattakkialduérfogatvaltozast, mint a jol
ismert kalkogenid anyagok (ASe&. ASS:), vagy az ezekB elsallitott amorf
multirétegek [105]. Viszont az optikai tulajdons&ban bekovetkezett valtozasok
ugyanolyan jelleget mutatnak: az ateréképességuk novekszik, térésmutatojuk
valtozik. A kisszo¢ rontgendiffrakciés mérések pedig azt mutatjak,yhag egymast
kove rétegek 6sszekeverednek [118].

Szisztematikus méréseket végeztem fénnyel ésrefelitkal valdo besugarzas
0sszehasonlitasara a fent emlitett mintakon éstisSiken. Ezeket elektronlitografiai
mdbdszerrel és milliszekundum felbontasd optikai kispenéterrel mért optikai
ateresziképesség valtozas méréseével hajtottam végre. Atemikroszképos méreések
azt mutatjak, hogy a Se/f% és a GaSeay/GesSs; mintakban elektron-besugarzassal
indukdlt térfogatvaltozas a besugarzasi energigvieigyében ugyanolyan mértékben
valtozott [131], hasonléan a lézerbesugarzashozahky érvényes a térésmutatd
valtozdsra és az optikai ateréédpesség valtozasra is [140]. Ez egyérteima két
rétegstruktaraban lejatszddo valtozas alapweechanizmusanak a hasonlésagéara utal.
Kiegészitve az indukalt diffaziés egyutthatéknak égszehasonlitdsaval arra a
kdvetkeztetésre jutottam, hogy a diffGziés folyamaiechanizmusa nem fligg
szamotteien a mintak dsszetétadef118].

A rontgenspektroszkopiai mérések pedig magyarfzatimak az indukalt
folyamat mechanizmuséra. Amig a kulonbodsszetétél kalkogenid-kalkogenid,

kalkogenid-kalkogén rétegszerkezetek indukalt gafealtozadsra hajlamosak, addig a
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fémet vagy félfémet tartalmaz6 mintak nem. Ezt miké kotések megbomlasa és (j
kotések kialakulasa indokolja [118]. Az alacsofiyiérséklefi  optikai
ateresziképesség itbeni valtozasa a keveredési folyamat résaietad kiegészit
informaciét. Alatamasztjia a racshiba kégest, a vakancia (mikropérus) és a
kotéshibak altal éidézett nanorétegek keveredését, és magyarazatonadtirétegek
altal nyujtott nagyobb mértékérfogati valtozasokra is [140].

Az amorf nanorétegelt kalkogenidek kulonlegesjdisiasagainak kdszonkten
széleskdten hasznélhatok, mint konnyen formalhaté fotonjkaiptikai eszk6zok
[139].
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Definition of acronyms used

NML — nanomultilayers

ChG - chalcogenide glass

NLS — nanolayered structure

PLD — pulsed laser deposition

TVE - thermal vacuum evaporation

SRO - short range order

MRO — medium range order

LRO - long range order

AERDF — atomic-electronic radial distribution
CRN — continuous random network

RNM — random network model

CCM - constraint counting model

CFO - Cohen-Fritzsche-Ovshinsky model
DM — Davis-Mott model

CBD - charged dandling bonds

VAP — valence-alteration pairs

IVAP — intimate valence-alternation pairs
XPS — X-ray photoelectron spectroscopy
LAXRD — low angle X-ray diffraction
AFM — atomic force microscope

SEM — scanning electron microscope
RMS — root mean square

FWHM — full width at half maximum
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