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Annotation

This thesis is focused on study of amorphous thin films of ternary Ge-Sb-Se and Ga-Sbh-Se
systems fabricated by co-sputtering technique for their potential applications in the field of
nonlinear optics. General quality by means of morphology and topography, linear and non-
linear optical properties and local structure of fabricated films depending on the composition
are discussed. The limitation of these materials may lie in their photosensitivity under the near-
bandgap light irradiation. Therefore, this aspect of co-sputtered thin films was also studied. In
the frame of the thesis, optical properties and structure of quaternary Ge-Sb-Se-Te thin films
fabricated by RF sputtering as a potential alternative to ternary systems were also studied.

Key words: amorphous chalcogenides, sputtering, amorphous thin films, optical properties,
structure

Anotace

Prace se zabyva studiem tenkych amorfnich vrstev ternarnich systémut Ge-Sh-Se a Ga-Sh-Se
pfipravenych technikou magnetronového naprasovani za simultanniho pouziti nékolika tercu,
pro jejich potencialni aplikace v nelinearni optice. Je diskutovana obecna kvalita ve smyslu
morfologie a topografie, linearni a nelinearni optické vlastnosti a struktura ptipravenych vrstev
v zavislosti na sloZzeni. Omezeni téchto materiali mize spocivat v jejich citlivosti na svétlo
blizké energii jejich optické §ifce zakdzaného pasu energii. Byl proto studovan i tento aspekt.
V ramci prace byly také studovany optické vlastnosti a struktura kvaternarnich tenkych vrstev
Ge-Sh-Se-Te pripravenych magnetronovym napra$ovanim.

Klicova slova: amorfni chalkogenidy, naprasovani, amorfni tenké vrstvy, optické vlastnosti,
struktura
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Introduction

Chalcogenide glasses and amorphous thin films are non-crystalline materials based on the
elements of chalcogens (i.e. S, Se and Te) accompanied with other elements such as Ga, Ge,
As, In, Sb etc. [1]. These materials have been widely studied since the 1950s [2].

In the form of bulks, they have often restricted use due to their limiting thermal and
mechanical properties [3]. The limiting mechanical properties of chalcogenides relative to the
rather strong oxide glasses came from the difference in the atomic bonding. Oxide glasses have
strong covalent and ionic bonds forming the three-dimensional network, while chalcogenides
have weak covalent bonds between two-fold coordinated chalcogen atoms forming a back-bone
chain with cross-linking provided by 3- or 4-fold coordinated group 14 and group 15 atoms.
The chains are interconnected by weak Van der Waals forces [3]. Therefore, in terms of atomic
structure, chalcogenide glasses may be characterized as being between oxide glasses having the
three-dimensional networks and organic polymers possessing one-dimensional chain structures
[4, 5]. However, the good sharping ability of chalcogenide glasses enables its use in the form
of fibres or thin films[6].

Chalcogenide glasses and amorphous thin films possess large number of unique properties,
which make them incomparably interesting in many different fields.

First, due to the low phonon energies, they have the broad transmission window from
visible to infrared (IR) [7]. The useful range of IR transmission of impurity-free chalcogenide
glasses is ~0.6—11.5 um for sulphides; ~1—15 pum for selenides and ~2—20 um for tellurides [8].
Thus, chalcogenide glasses found their application in the field of optical sensors and IR fibre-
optic devices [9, 10]. The example of transmission spectra of different glasses is shown in fig.
1-1.
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Fig. 1-1 Transmission spectra of different glasses (thickness of about 2-3 mm) — from
Sanghera et al. [11].

Moreover, low phonon energy of chalcogenides makes them suitable hosts for rare earth
(RE) elements due to the low probability of multiphoton relaxation between RE3* energy levels.
The typical RE dopants are Pr®*, Dy** or Tm®* in near-infrared spectral range and Pr3*, Dy®*,
Er¥*, Ho®* or Tm®* in the middle IR domain [12]. Potential applications of RE doped
chalcogenide glasses include fabrication of fibre amplifiers for telecommunication and fibre
lasers [13]. Linear optical properties are discussed in Subchapter 1.

Furthermore, the advances in the signal processing such as all-optical switching operating
typically on the picosecond time scales, requires materials with the high optical nonlinearities
[14]. Non-crystalline chalcogenides exhibit third order nonlinearities (x®) between two to three
orders of magnitude greater than that of silica [15]. Various types of optical nonlinearities are

12
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discussed in the Subchapter 2. Despite being true for chalcogenide glasses and amorphous thin
films, subchapters aimed on optical properties (both linear and nonlinear) are valid for most of
the amorphous materials.

Perhaps the most striking property of non-crystalline chalcogenides is their
photosensitivity, which includes numerous phenomena caused by the electromagnetic radiation
[16]. Subchapter 4 of this section is dedicated to these phenomena.

13
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Aim of thesis

The aim of this thesis is to prepare selenium based amorphous thin films from ternary Ge-
Sb-Se and Ga-Sh-Se systems using radio-frequency (RF) magnetron co-sputtering technique.
General quality of co-sputtered films is assessed by means of atomic force microscopy and
scanning electron microscopy.

Furthermore, optical properties determined from variable angle spectroscopic ellipsometry
and spectrophotometry depending on the composition of fabricated films measured by energy-
dispersive X-ray spectroscopy is studied. Local structure of thin films is investigated by Raman
spectroscopy.

Influence of near-bandgap light irradiation on the optical properties represented by optical
bandgap energy and refractive index is also discussed.

Moreover, optical properties and structure is studied also in quaternary Ge-Sbh-Se-Te thin
films fabricated by RF sputtering.

14
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1. Linear optical properties of amorphous chalcogenides
1.1. Optical absorption and absorption edge

In crystalline intrinsic semiconductors E;7* = E¢, where E;7* and E¢ are optically and
electrically determined (from optical absorption edge and from temperature dependence of the
electrical conductivity) bandgap energies. Pioneering studies on amorphous semiconductors
have revealed that Eg”t < Eg for these materials. As seen on fig. 1-2, the density of states
(DOS) smoothly reduces around the band edges and exponentially decay into the energy ‘gap’

17, 18].
[ Or]1 the other hand, the mobility edge is assumed to steeply drop to zero. Mobility edge
represents the boundary between localized states and extended states (i.e. energy separating
localized and non-localized states in the conduction or valence bands). The broadening of the
mobility edge is considered to be generated by inelastic collisions between electrons and
phonons. However, it is sharp at zero temperature[19].

As already indicated, states at band edges are called tail states or gap states [20, 21]. It
seems logical, that Eg"’t is governed by DOS and the E is equal to the gap between the mobility
edges, thus E ~ E,, where E, stands for mobility gap, representing the lowest transition
energy between extended valence- and conduction-band states [17, 21].

electron

DOS mobility

Fig. 1-2 Spatial fluctuations of the band edges (center), DOS (left) and the mobility as a
function of electron energy in amorphous semiconductor —from references [17, 22].

Although the number of states in the tails is much smaller than that of extended states,
band tails play a very important role in transport and recombination of non-equilibrium charge
carriers [20]. Measuring the absorption spectrum is perhaps one of the most direct and simplest
methods for probing the band structure of semiconductors. In the absorption process, a photon
of a known energy excites an electron from a lower- to a higher-energy state. One can discover
all the possible transitions an electron can make and explore much about the distribution of the
states, by studying the changes in the transmitted radiation [23].

Absorption is expressed by coefficient a (%w) which is defined as the relative rate of
decrease in light intensity L (%) along its path of propagation [23]:

1 d[L(hw)]
" L(hw)  dx

a

Eq. 1-1

15
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In crystalline semiconductors, electronic transitions between the valence and conduction
band start at the absorption edge which corresponds to the minimum energy difference Egq
between the lowest minimum of the conduction band and the highest maximum of the valence
band [23]. The presence of sharp band edges in crystals results in a sharp increase in the
absorption coefficient when the energy of photons exceeds the optical bandgap (Egpt). In
amorphous materials, the presence of energy band tails results in significant absorption even at
photon energies below the optical gap. Absorption below the edge is described by so-called
Urbach rule:

a = agexp I—_y (Eg — haw)
0 kT

Eq. 1-2

where ao is the absorption coefficient at the bandgap energy Eg and y is a material constant
(slope of the Urbach edge). T is absolute temperature down to a critical value To and equals To
for lower temperatures [20].

Absorption edge is usually illustrated as the energy dependence of absorption coefficient.
In many amorphous semiconductors the absorption edge has the shape shown in fig. 1-3. One
can distinguish the high absorption region A (0. 210%), exponential part B (Urbach edge) and
the weak absorption tail C [24].

log o

i
! copt
i Eg

-2

Ao —

Fig. 1-3 Absorption edge spectra and its A, B, C parts — redraw from Tauc [24].

Plotting the square root of aZiw against photon energy should result in a straight line
(fig. 1-4). On this plot the exponential absorption edge in the range 1 < a < 10* cm™ appears
only as a small tail at lower photon energies. The extrapolation of the linear portion intersects

the abscissa at the energy E;?“which refers to optical bandgap [22].

16
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10°

(o how)'”?

0
ho—
Fig. 1-4 Dependence of (ohw)Y? on photon energy — redraw from Fritzsche [22].

In a glass or amorphous film various kinds of disorder produce a tail of localized states
extending from valence band and from the conduction band into the energy gap between these
two bands [16]. It is convincing that the short-range normal-bonding structure governs the
optical bandgap. Weak absorption tail (WAT), which substantially limits optical transparency,
appears reflecting photoelectronic transitions from the valence band to un-occupied localized
states below the conduction band. The states are produced by anti-bonding (c*) levels of homo
polar bonds such as As—As in As-based chalcogenides, which exist with concentrations of a
few percent in covalent glasses. The 6* state makes electrons practically immobile by trapping
[21]. The states in the Urbach edge are usually considered as localized. It has been believed that
this region reflects some kinds of disorders such as thermal, compositional, heterogeneous and
defective which tend to increase Urbach energy (Eu), [25]. However, there seems to exist a
minimal value, Eu > 50 meV (Eu = y in Eq. (1-2), [20]). This value can be ascribed to intrinsic
density fluctuation, with spatial scales of medium-range order, ~1 nm, which may provide
thermally-activated percolative hole conduction [21]. Urbach energy is estimated from Eq. (1-
3) where a0 and Eo fix an Urbach focus [25].

[(ha) - Eo)l
a = ayexp —
U

Eq. 1-3

According 1-3, Eu is expressed as the inverse of the Urbach slope® of In « against photon
energy [26, 27].

Street and Mott [28] proposed the idea of defect model of three charged states — D*, D" and
DO (the superscripts are denoting the total charge of such centre). Negatively charged defect D
refers to dangling bond associated with under-coordinated atom, such as chalcogenide bonded

" Note that Eq. 1-3 is a transcript of Eq. 1-2 neglecting the temperature dependence. However, thermally induced
structural disorder cause the increase in Ey.
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to one other atom or pnictogen (e.g. As or Sb), bonded to two other atoms. Such dangling bond
is occupied by two electrons [28, 29]. Removing the electron from dangling bond forms D°. It
is assumed that such atom will be attracted towards a fully coordinated neighbouring chalcogen
atom. One of the lone-pair electrons of the fully coordinated atom will be used to form the
bonding orbital, the other an antibonding orbital. This bond is not considered to be as strong as
when a second electron is removed. In later case both lone-pair electrons from the neighbouring
chains are used in bonding and the former single-coordinated chalcogen becomes three-fold
coordinated D* centre [29]. The formation of D*, D~ and D° centres is depicted in fig. 1-5.

D° D*

o8

Fig. 1-5 Formation of D* and D centres from two D° centres at the end of selenium chain —
redraw from Mott and Davis [29].

The changes in the electron occupation of the dangling bond causes the local lattice
distortion [28]:
2D° > Dt + D~
Eq. 1-4

Reaction is considered to be exothermic. Total energy associated with D* and D" pair (both
without spin) is lower than that of 2D° (both D° with spin), [29].

Another insight on charged defects in lone-pair electrons was proposed by Kastner et al.
[30]. The so called ‘valence-alternation model’ is based on the chemical-bond approach [31]. In
contrast to Street and Mott model, they consider the neutral centre to be three-fold coordinated
noted as CY. This neutral centre has the antibonding electron residing symmetrically at the
defect. Furthermore, in their notation, D* and D" are denoted by C;and C;, where C stands for
chalcogenide and subscript indicates the coordination [29]. Dangling bond C; interacts with the
lone-pair of a neighbouring chalcogen according [31]:

CY+C)-cY+cf
Eg. 1-5

During the reaction (Eq. 1-5), one of three electrons in lone pair orbitals at C} is transferred
to a lower lying bonding orbital and one of the two lone-pair electrons at C? is transferred to a
bonding orbital and the other to the antibonding orbital. Two C3 then convert to €5 and C3 by
transferring two electrons from antibonding orbitals and the other two from bonding orbitals
into lone pair orbitals [29]. Due to the strong phonon coupling, electrons at point defects (D)
are considered to have effective negative correlation energy. The energy of formation Ep of a
distant D*D" pair is calculated to be much less than Ey. According the Street model [32], the low

18
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formation energy Ep of DD pair is considered to be of crucial importance, because it is much
less than the exciton energy (Ex = Eg) in undisturbed lattice. The exciton (electron-hole pair
bounded by Coulomb interaction) will therefore interact with the lattice to form a D*D" pair
provided that the electron and hole are localized within a few lattice spacings of each other
according:

exciton - Dt + D~
Eq. 1-6

Considered configuration-coordinate diagram of nonradiative recombination in
chalcogenide glasses is depicted in figure 1-6.

Exciton

Self-trapped
exciton

(D*, D™ Pair)

Energy
_— » q
Configuration

Fig. 1-6 Configuration-coordinate diagram of non-radiative recombination in
chalcogenide glasses; Path 1 refers to recombination to the ground state through the self-trapped
exciton, path 2 creates the metastable self-trapped exciton with return to the ground state by
thermal excitation — Redraw from Street [32].

Street [32] has also proposed, that the creation of exciton in selenium chains and As-based
chalcogenides may lead to the bond-switching process (fig. 1-7) possibly causing the
photodarkening in amorphous chalcogenides [29].

- - -
~

—O— O——0—
—0O

7/
ra

O,

'\ exciton | Before self-trapping

/
ANIFaRY I
U O+—0O—
~
-

Selenium chain -7

After self-trapping

Fig. 1-7 Transformation of exciton in selenium chains into D*D" pair accompanied with
atomic distortion — redraw from Street [32].
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However, the charged defects (valence-alternation pairs) created during the illumination
are not sufficient explanation for photostructural changes in amorphous chalcogenides [26].
Thus, other possible explanations must be considered. These are given in Subchapter 3.
Moreover, the time-scale of such phenomena is probably very small. Recently, Specht [33]
studied the self-trapped exciton formation in co-sputtered Ge-Sh-Se chalcogenide thin films
using pump-probe spectroscopy at the picosecond time scale.

Absorption coefficient might be obtained from transmission measurements. Transmission
coefficient is defined as a ratio of transmitted to incident power, | / lo. Considering the film
thickness as x, an absorption coefficient a and a reflectivity R, the radiation traversing the first
interface is (1 — R)lo, the radiation reaching the second interface is (1 — R)Io exp(-ax) and only
afraction (1 — R) (I — R)loexp(-ax) emerges. The portion internally reflected eventually comes
out, but considerably attenuated. End result giving an overall transmission is than given by [23]:

_ (1 -R)? exp(—ax)
~ 1-—R2exp(—2ax)

Eq. 1-7
When the product ax is large, the denominator in Eq. (1-7) can be neglected; thus:

T ~ (1 — R)? exp(—ax)

Eq. 1-8
If R and x are known, the relation in Eq. (1-7) can be solved for « by means of:
1 [(1 ~R)2+,/1-R*+ 4R2T2]
a=-1In
X 2T
Eq. 1-9
Respectively according the Eq. (1-8) as [23]:
1l (1 —R)?
a = x n T
Eq. 1-10

If the reflectivity is not known, the absorption coefficient o may be calculated from the
transmission by the Swanepoel method developed for amorphous silicon [34]. The transmission
of homogeneous thin films on the transparent substrate is a complex function T = T(A, s, n, d,
a), where s stands for the refractive index of the substrate and d is the thickness of the film. In
the terms of absorbance x it can be written as x(A) = exp(-ad).

A'x
B'—C'x + D'x?

T =
Eq. 1-11

where the complex functions 4’, B', C'and D' are

A'=165(n?+ k)

20
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B'=[(n+1)*+ K[(n + 1)(n + %) + K’]

C'=[(n*- 1+ k?)(n?— s?+ k%) — 2k?(s* + 1)] 2cose
—k[2(n?—s2+ k?) + (s> + 1)(n*— 1 + k?] 2sing

D'=[(n—1*+ K] [(n—(n—*) + K]
¢ = 4mnd/%

X = exp(-ad)

o = 4mk/h

In the transparent region where o = 0 so X = 1, the Eq. 1-11 can be solved as [35]:

A

T =
B—Ccosp+D

Eq. 1-12
where
A =16n%s
B=(n+1)>%+(n+s?
C=2(Nn>-1) (n*-5s?
D=(n-1)>%(n-5s?
¢ = 4nnd/A
Refractive index dispersion is obtained from experimentally observed peaks and valleys
of transmission interference fringes. Experimental values of transmission at the minimum (Tm)

and maximum (Twm) points of a particular interference fringes are used. In the transparent region
refractive index is calculated as [34]:

n= M+ M2 -s?)12])"*
Eq. 1-13

where
2s s +1

T, 2

Eq. 1-14

respectively in the region of weak and medium absorption (o # 1 so x < 1):

21
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Ty — T, +52 +1
Ty Tm 2

M =12s
Eq. 1-15
Values of Tm and T should correspond to the same A so the particular fringe valley Tm has

a counterpart Tm' and fringe peak Twm has a counterpart Tm'. Values of Tm' and Tr' are obtained
by enveloping of the peaks and valleys as shown in the figure 1-8 [35].

Hypramai s T s e .
. T, - .
0.8
& "3
& 1
L2
= 1
g 04_: -----
g
-
0.2
§ Absorption : :
E Strong —==+—Medium——w=—— W:eak #—b-— Transparentf
0.0- llllllllll | llllllllll |llll’lllllll| llllllllll ]
500 600 700 800 900

Wavelength [nm]

Fig 1-8 Simulated transmission (full curve) of a 1 um film of amorphous hydrogenated silicon
(a-Si:H) on a flint glass substrate — adapted from Swanepoel [34].

Finally, the absorption coefficient for an absorbing film on transparent substrate is given
by:
_ lln (1-R;)(1—R;)(1—Ry)
T

Eq. 1-16
where R1, R2 and Rz are reflection coefficients between air-thin films, thin film-substrate and
substrate-air. It is assumed that the other reflections from interfaces are neglected. For the case

when the square of n is significantly higher than k, the reflection coefficients can be estimated
using Fresnel’s formula for normal incident of light [35]:

R _(n—l)z
7 \n+1

Ro= ()

Eq. 1-17
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Eq. 1-18

&=l
s+1

Ry

Eq. 1-19

1.2. Index of refraction

The refraction of light occurs when light advances into optically different media. The
refraction of light is determined from the index of refraction n:

n=-—
v

Eq. 1-20
where v is the speed of light propagating through the media [36]. In the media with the strong
absorption, such as semiconducting material, the refractive index becomes complex function of
the light wave frequency [37]. Complex refractive index, nc, having the real part n and the
imaginary part k is related to the complex relative permittivity (dielectric constant), [38]:

n.=n—ik = Je. = /e, — g,

Eq. 1-21

The real part and the imaginary part of relative permittivity are expressed as &; = n?—k?
and e, = 2nk [38].

In materials having normal dispersion (normal because it occurs in most of the optically

homogeneous materials), the linear refractive index in the optical transparent region may be
expressed by the Cauchy dispersion formula:

B C
nd)=A+—=+—

A2 A
Eqg. 1-22
or Sellmeier dispersion formula:
A=A+ 51 + DA
e S
Eqg. 1-23

The number of terms in Eq. 1-22 and 1-23 may vary.

Wemple and Di-Domenico [39] developed the single-oscillator model for the linear
dispersion in various materials including amorphous semiconductors and glasses based on the
Kramers-Kronig relations [40]:

EoEq

(@) =1 = G ey

Eq. 1-24
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where Eo is the energy of the effective dispersion oscillator. The value of Eo is typically near
the main peak of imaginary part of dielectric function &>. Eq is the dispersion energy and is
almost independent of Eo. Furthermore, Eq strength does not depend on the scale of &> spectrum
nor on the volume density of valence electrons. Dispersion energy Eq and the single oscillator
energy Eo are obtained from the slope and the intercept of linear fit of (n? — 1)~ against

(hw)?. Linear refractive index in eq. 1-24 is defined for a specified direction of the light
polarization [39].
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2. Nonlinear optical properties of amorphous chalcogenides

Introduction

The invention of laser in the 1960s, the light source with the intensity of several orders of
magnitude higher than the previous known light sources, allowed the exploration of the brand
new field of optics — nonlinear optics. It was find out that at such high intensities, the optical
response of the material occurs in the nonlinear manner on the strength of the applied optical
field [41]. Nonlinearities have found its application for all-optical switches, power stabilizers,
soliton fibres, supercontinuum generators, etc. Furthermore, nonlinear phenomena of second-
harmonic generation under proper experimental conditions can lead to the conversion of
incident beam frequency (w) to radiation at a second-harmonic frequency (2w). One common
use of such phenomena is found in the output conversion of a fixed-frequency laser to
a different spectral region. For example, Nd:YAG laser operating in near infrared spectral
region at 1 064 nm is routinely converted to its second-harmonic frequency (i.e. 532 nm) via
Q-switching in the middle of the visible spectrum [41]. Chalcogenide glasses exhibit of about
two orders of magnitude higher nonlinear refractive index when compared with oxide glasses
[42]. Moreover, second-harmonic generation in optically isotropic chalcogenide glasses may
occur [43]. When the optical pulse travels through the medium with high nonlinear refractive
index, it becomes distorted in phase (self-phase modulation) and in envelope shape (self-
steepening) [44]. The former is responsible for supercontinuum (SC) generation in various
materials. SC generation in chalcogenide fibres and waveguides in Mid-IR region seems to
have a great potential [45, 46].

Finally, high “Kerr-like” nonlinearities in combination with proper dispersion may lead to
solitary wave formation and propagation in chalcogenide glasses [47].

Thus, amorphous chalcogenides are of interest in the wide spectrum of possible
applications such as high-speed optoelectronic devices and photonic switching [48]. Such
devices, operating typically on ps time scales, requires materials with high nonlinear refractive
index n2 or nonlinear absorption £ at telecommunication wavelengths (i.e. 1.55 um), [14].
Usually, they are investigated in the form of optical fibres or waveguides. Some examples of
different types of geometry of channel waveguides and planar (slab) waveguide are shown in
figure 2-1.

strip-loaded
buried channel waveguide
waveguide
Nz
</
W

rib waveguide

Fig. 2-1 Waveguides with different types of geometry; n; — refractive index, ny > nz, n1 > n3, w
— waveguide width, d — waveguide height, h — height of waveguide segment.
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2.1. Nonlinear index of refraction

Nonlinear response of refractive index is very important phenomena, which involves
several diverse physical effects such as optical Kerr effect, saturation or cascading effects.
Among these, the former is directly related to the third order nonlinear polarization [49].
Material response to internal electric fields is manifest in an electronic susceptibility. The
relation between the linear susceptibility and linear refractive index is expressed as y (V) = n2 —
1. The interaction of transparent material with an intense light can cause that susceptibility
becomes nonlinear. This may be expressed by means of a Taylor expansion in the electric field
in the scalar form [38, 50]:

X(E) =D + yDE + yOF2 4 yWES |
Eqg. 2-1

The nonlinear response of the material to the presence of intense light is represent by all
orders higher than ™. It should be noted, that electrical susceptibility is tensor so the vector
component of the electric fields has to be taken into account. The nonlinear optical
susceptibility »® in esu units is related to the linear optical susceptibility ¥ by the semi-
empirical Miller’s rule [51]:

@ _ MM _ a (né_—l)r
0.0395 AT
Eqg. 2-2

where n2 is a nonlinear refractive index and « is Miller’s coefficient having the value of 2.7 x
1071° for chalcogenide glasses. The light wave propagating in the medium is affected by
susceptibility by means of nonlinear polarizability [49]. Nonlinear electronic polarizability
(Pnw) in the simplified form can be expressed as [52]:

Py, = xPE? + y®E3 + ...
Eq. 2-3

The nonlinear refractive index (a third order nonlinearity) is often expressed in terms of
intensity (1) as [38, 49, 50]:
n =mngy+n,l
Eqg. 2-4
respectively in terms of the field strength as [53]:

n=mny+n,E*+ ..
Eq. 2-5

In the same manner, two-photon absorption (2PA) coefficient f, sometimes referred as
nonlinear absorption coefficient [7] may be expressed as:

a=ay+pl
Eq. 2-6
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2PA, which is just the simplest example of multi-photon absorption, suggests that despite
the fact that the material is transparent at low intensities, as the intensity grows, the absorption
Increases.

Quantities n2 and £ are connected through nonlinear Kramers-Kronig relations. Figure 2-2
shows spectral dependencies of a, no, B, n2 for an ideal semiconductor having energy gap Eg.
As seen, f and n, give broad peaks at iw =~ 0.7Eg and hw = Eg/2 respectively. Furthermore, j
= 0 and n is great at these energies.

]
'
]
1
- ’
’
.

0 E/2 E, =

Fig. 2-2 Spectral dependence of linear absorption coefficient «, linear refractive index no, 2PA
coefficient # and nonlinear refractive index n; for an ideal amorphous semiconductor. The
scales of Y axis are arbitrary — adapted from Tanaka [14].

The value of ny is quite small in comparison with no, so it can be negligible in low beam
intensity (i.e. linear regime). Furthermore, n2 rises with no with the proportionality factor of I.
In the fast response systems, the main contribution to nz is nonlinear polarizability or resonant-
type effects. Thermal effect and electrostriction are very slow so they do not contribute to the
n2. In other words, nonlinear polarizability is significant for the third-order nonlinearity of
glasses. For optically isotropic materials, only the third-order electronic susceptibility »©
contributes to the nonlinear optical response [52].

It is well known that in chalcogenide glasses the values of ¥ and therefore n; are about
two to three orders of magnitude higher than that of silica [54]. Z-Scan technique, developed
by Sheik-Bahae et al. [55], is a sensitive single-beam technique for measuring nonlinear
refractive index and nonlinear absorption coefficient based on focusing a laser beam through a
thin sample (fig. 2-3). Self-focusing of an intense Gaussian beam in the nonlinear medium
results in beam distortion, which enables extraction of n, value. The light transmitted by a small
aperture in the far field is then detected. The far-field aperture transmittance is measured for a
constant laser input as the sample is scanned along the z-direction through the focus of the
lens [7].
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Laser beam Detector

Lens Sample Beam splitter
—

Fig. 2-3 Schematic illustration of a simultaneous closed-aperture and open aperture Z-scan
measurement. The transmitted beam is split after the sample; the first detector measures the
open-aperture transmittance and the detector marked Det.2 measures the closed-aperture
transmittance as a function of the sample position. — redraw from Samoc et al. [56].

2.2. Estimation of nonlinear optical properties

Introduction

Empirical and semi-empirical calculations of nonlinear optical properties by means of
nonlinear refractive index n, and two-photon absorption coefficient S, are a very useful tool to
estimate the behaviour of the material for the nonlinear optics applications. Many attempts have
been made in order to (semi)empirically estimate the values of n, and/or  of various materials
including non-crystalline chalcogenides [57-65]. These are summarized in the table 2-1.

Table 2-1 Models for the estimation of nonlinear refractive index and/or 2PA coefficient 4.

Reference Materials Quantity Year
Fournier and Snitzer, [59] optical glasses N2 1974
Boling et al., [57] optical glasses n2 1974 (1978)
Lines, [63] optical crystals N2 1990
Sheik-Bahae et al., [64] direct-gap semiconductors N2, p 1990
Lenz et al., [62] Se-based glasses N2 2000
Ticha and Tichy, [65] chalcogenide glasses N2 2002
Dinu, [58] Indirect-gap semiconductors Nz, S 2003
Garcia and Avanaki, [60] germanium B 2012

It should be noted, that so far, no model has been designed for chalcogenide thin films.
Clearly the wide variability in the behaviour of thin films of various composition, structure and
photosensitivity makes such design very difficult (if not impossible). Most of the models were
developed for ionic crystals having a relatively large gap between the valence and conduction
bands when compared to chalcogenides. Moreover, in such materials, the exciton formation
and various defect states do not affect the band edges as much as in disordered solids [23, 66].
Other difficulties may rise from the photosensitivity of chalcogenide glasses and thin films.
Having the lone-pair states at the top of the valence band, photostructural changes in amorphous
chalcogenides cause the shift of the fundamental absorption edge accompanied with the change
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in the refractive index. The photosensitivity of amorphous chalcogenides which may rise even
at the energies of irradiation below the energy band gap [67] may act as a limiting factor when
it comes to the application of these materials in the field of nonlinear optics.

2.2.2. Semi-empirical calculations of n, and/or #

Most of the following models have its origins in the various forms of so-called Miller rule
[68, 69]. Fournier and Snitzer [59] developed the three-level quantum mechanical model
consisting of a ground state coupled to the lower of two excited states by a bandgap much larger
than the splitting of the two excited states [57]. For silicate glasses, much of the oscillator
strength is associated rather with transitions between localized states. The nonlinear refractive
index in esu units (cm3-erg™®) can be obtained from:

_(*+2)’(n* -1 E,
B 48mNn, EZ

n;

Eq. 2-7

where N is the density of ions, no refers to linear refractive index, Eq and Eo are dispersion
energy and average oscillator energy obtained from the dispersion relation defined by Wemple-
DiDomenico.

The empirical model proposed by Boling et al. [57], sometimes called BGO model [70] (by
the initials of the authors — Boling, Glass and Owyoung), for nz (10™** esu) is written as:

68(ng — 1)(n3 + 2)?

5 1/2
Ug [1517 + (nd + 26)(nd + 1) Ud]
Na

n, =

Eq. 2-8

where vq stands for Abbe number defined as vg = (ng — 1)/(ns — n.), na being the linear
refractive index at A = 587.5 nm, nfat 1 = 486.1 nm and n¢ at 2 = 656.2 nm.
Furthermore, Lines [63], proposed the simple proportionality (in esu units):

(n2 — 1)d?
n N ———
T (neEg)
Eq. 2-9
where d is the bond length in Angstroms.

The concept of Sheik-Bahae [55] developed for crystalline direct-gap semiconductors may
serve as a rough approximation for non-crystalline solids [14]. Following equations lean on the
basic assumptions for quantum-mechanical formulations, Kramers-Kronig relations and simple
two parabolic band model [14, 71]. According to this model, the contributions of two-photon
absorption, electronic Raman and optical Stark effects in the nonlinear response of the material
may take part [72]. The process responsible for 2PA also gives a dominant contribution to ny.
Nonlinear refractive index in m2W is expressed as':

" In the original paper of Sheik-Bahae, the quantity on the left side of Eq. 2-10 is marked as y instead of n; called
Kerr coefficient. The relationship between n (in esu units) and y in m2-W-1 is na[esu] = (cno/40x)-y [SI].
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nefBy

G,(hw/ESPt
ZnOZE;pt4 2( /g )

nz = K
Eq. 2-10

where K = 3100 cm-GW-1eV®?, E, = 21 eV (Kane energy) which is essentially the material
independent for the most semiconductors [73]. G2 is a normalized dispersion function given by:

2 tbx—3xt—xd Ot 3 5+2(1—2x)2®(1—2x)
— z* T 3%
GZ('X) - 64x6

Eq. 2-11

where O is Heaviside step function and equals to zero when X < 0.5. Similarly, 2PA coefficient
S may be expressed as:

B=K—Y"— VEy = F,(2hw/EJPY)

no E;
Eqg. 2-12
where the dispersion function is
3
(2x—1)2
R0 =%
Eq. 2-13

The dispersion function F, equals to zero for 2x < 1. The shape of the dispersion functions
for direct-gap semiconductors, G2 and F», is depicted in the figure 2-4.

0.00 0.25 0.50 0.75 1.00

X
Fig. 2-4 Functions Gz (solid line) and F (dashed line) as defined for direct-gap
semiconductors.
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As seen, dispersion functions Gz and F. give broad peaks at around 0.5 and 0.7
respectively. Thus, peaks of n, and /3 are found at the energies of around Eg/2 and 0.7Eg
respectively [14].

Lenz [62] model developed for bulk Se-based glasses and which uses some assumptions
developed for ionic crystals [57, 70, 74] in combination with Sheik-Bahae’s dispersion function,

defines the nonlinear refractive index in cm2-W- as:

n, = 1.7 x 107 (nZ + 2)3(nZ — 1) x (d/nEp)%G,(hw/ES"")
Eq. 2-14

where d (in nanometers) is the mean cation-anion bond length.

The model proposed by Ticha and Tichy [65] is based on the Wemple-DiDomenico single
oscillator formula and the generalized Miller’s rule, Y = A(y®)*, [75].

For chalcogenide glasses, the linear optical susceptibility in the first approximation is given
by relation:

2 _
RO G )
4r
Eq. 2-15
combining equations 1-24 and 2-15, one can obtain:
¥ ® = Eoka
4t (EE — (hw)?)
Eq. 2-16
which in the limit of Aw — 0 gives:
E E
(1) — 207d
x 4
Eq. 2-17
2@ is then obtained employing the generalized Miller’s rule as:
A A
(4m)*(Eq/Ep)*  (4m)*(n§ — 1)*
Eq. 2-18
where A value is 1.7 x 1071 for ) in esu units. Finally, n, can be calculated as:
12y ®
nz ==
No
Eq. 2-19
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Recently, Stfizik et al. used the similar approach for obtaining the nonlinear refractive
index in erbium doped Ge-Ga-Sh-S thin films [76]. However, in their work the Sellmeier
dispersion was used for describing the no (1) instead of WD one.

Dinu [58] defined F2 function for indirect-gap semiconductors as:

2x — 1)*
FAZx)z%

Eq. 2-20

In this model third-order nonlinear processes in indirect semiconductors are considered to
be mediated by phonon-assisted transitions. Therefore, the resulting shape of the absorption
edge is considered to be smooth for indirect-gap semiconductors. Comparison of the shape of
F> function defined by Sheik-Bahae for direct-gap semiconductors and F, for indirect-gap
semiconductors defined by Dinu is depicted in the figure 2-5.

0.0 0.5 1.0 1.5 20 25

Fig. 2-5 Functions F» for direct-gap (solid line) and indirect-gap (dashed line)
semiconductors.

As seen, the maximum of the function F. for indirect bandgap is at ~7/6, so the maximum
of /3 peak is found at around ho ~ (7/6)Eg, [58]. The /5 is defined as:

B =C, F,(2hw/EJP)
Eq. 2-21
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where E°Pt

g isindirect gap and C is a constant defined as:

1
o Z3E (2N + 1+ 1) (m§>f

2 3
2 opt
8pcsEy

mU
4
128e*

1

! 1 ld 11 (m?\2
s — 1—x)Z - x2dx-|(1 =02 +x2-[—=
m2h3(gongc)? .[;) ( x)2 - xzdx (( 2 x m,

Eq. 2-22

with Za being an acoustic deformation potential, Epn phonon energy (in electron volts), Nkx is a
phonon occupation number (Nkx=exp(Epn/ksT)™), p density (in kg'm™), cs is speed of sound in
the material (in m-s™), mc effective mass of conduction band (in kg), my effective mass of
valence band (kg), e elementary charge (in C) and &o vacuum permittivity (in F-m™). The + sign
takes into account the phonon absorption/emission.

Two expressions are then summed. Nonlinear refractive index nz is then derived from /3 by
Kramers-Kronig relation:

_c, -~ G ohe B
e = G —opt 2(2hw/E;™)

g
Eq. 2-23

2.2.3. Figure of merit

One should consider the trade-off between the high nonlinearities and optical losses due to
the 2PA. The effective operation of a nonlinear device is usually expressed by means of figure-
of-merit:

287

FOM =—<1
n;

Eq. 2-24

The above criterion for the given operation wavelength (A) should be meet in order to
enhance the performance of the device [77]. Figure of merit can be also expressed as [62]:

FoM = 2
=
Eq. 2-25

2.3. Self-focusing effect

When the intense light beam is focused into a material with a third order nonlinearity, the
phase velocity decreases with increasing intensity near the center of a beam [50]. As shown on
the figure 2-6, the refractive index gradient is induced in the medium as the nonlinear index
follows the shape of the beam. When the nonlinearity is positive, greater index and hence larger
phase retardation is induced on-axis where the beam is more intense while leaving it unchanged
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in the beam’s tails [49, 50, 78]. Thus the value of n, has to be positive for self-focusing (lens
focus) to occur [78].

Incident plane phase front

Focus
/ /
R’ / n;>0
\ ' '\ Nonlinear medium
N

Nonlinearly induced phase front

O
o s
/ L
0 v
g B
.
. .

Incident amplitude

Fig. 2-6 Self-focusing effect in a nonlinear medium - redraw from Sutherland [49].

2.4. Propagation of Kerr spatial soliton in amorphous chalcogenides

Optical beam propagating in the medium without affecting its properties undergo natural
diffraction and broadens with the distance (fig. 2-7 b), [78]. The circular beam with the diameter
D is expected to diffract with an angular divergence of 8; ~ 1.224/n,D, [53]. For the beam
with a sufficient intensity, the nonlinearity of the medium can cause a large dielectric
discontinuity at the edge of the beam. In such regime, the critical angle for total internal
reflection 6 is larger than 64 so the beam cannot diffract. For beams with larger diameter angles
0. and 64 becomes smaller and vice versa. Thus, there is a particular value of power,
independent of the beam diameter, at which the beam self-trapping occurs. This value is P,, =
1.222mA? /32n,n42, [50]. According this approximation, a beam of a certain power may be
trappegl at any arbitrary diameter without spreading and its power level decreases
with A%,

Self-trapped optical beam that propagates in a nonlinear medium without diffraction is
called optical spatial soliton [79]. As shown in the figure 2-7 it represents an exact balance
between diffraction and self-focusing effect [47, 50, 79].

a > > % Self-focusing

b ! Diffraction

c Self-trapped
! : soliton

Fig. 2-7 Spatial beam profiles (solid lines) and phase fronts (dashed lines) of (a) self-
focusing, (b) diffraction and (c) soliton propagation - redraw from Stegeman and Segev [78].
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The propagation distance of spatial solitons is limited to only a few centimeters when
compared with their temporal counterparts occurring in the optical fibers. This limitation is due
to the fabrication technology or material losses [80]. Another limitation comes with the high
intensity requirements for soliton to occur. For fused silica having n2 = 3x107*6 cm?-W-! the
intensities of about few TW-cm are required for the soliton formation at A = 1 um with beam
width a = 10 um [81].

2.5. Plasmon-soliton coupling

Surface plasmon polaritons (surface plasmons — SPs) are coherent surface oscillations of
conduction electrons and the electromagnetic field localized on the surface of conductor
(usually metal) [82, 83]. In the field of photonics, the enhancement of nonlinear processes such
as second harmonic generation was reported by Quail and Simon in 1984, [84]. Furthermore,
in 1985 Aiyatsu et al. discussed the nonlinear waves guided by a metal film bounded by media
with intensity-dependent refractive index (i.e. material with Kerr nonlinearity) [85]. Walasik et
al. proposed several stationary nonlinear solutions in one-dimensional nonlinear metal-
dielectric structures [86]. Among them, the four-layer configuration consisting of nonlinear
dielectric, linear dielectric, metal and air [87], allows to find plasmon-solitons for high index
contrast configurations at low peak intensities [86]. Such solution is depicted in fig. 2-8.

Yy
Nonlinear dielectric Linear External
enx = &1+ o[EF dielectric Metal |\ edium
EnLz = €1 z €2 €3 €4
-
0 L L+d X

Fig. 2-8 4-layer nonlinear model scheme. E;j stands for linear permittivity of j-th layer (j €
{1,2,3,4}) — adapted from Walasik et al., [88].

Plasmon-soliton coupling in planar waveguides based on this model was recently
demonstrated experimentally by Kuriakose et al. [89]. In their experiment, the metal-dielectric
structure consists of medium with Kerr nonlinearity placed on lower refractive index medium
with a thin dielectric layer and metallic film deposited on top. Specifically, the medium with
Kerr nonlinearity is amorphous chalcogenide film (Ge2s1Sbe3Sesss) of thickness of 3 um
deposited by RF sputtering technique on thermally oxidized silicon substrate. Dielectric layer
deposited on the top of the chalcogenide waveguide is silicon oxide with the thickness of 10
nm. Finally, the metallic film is 30 nm thick gold layer [89].
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3. Structure of amorphous chalcogenides

The amorphous structure in the atomic scale can be classified in two categories [17]. First,
the normal bonding structure which characterizes the vast majority of atoms in an amorphous
solid [90]. This include short-range and medium-order. The former describes the way in which
an atom is bonded to its nearest neighbours by coordination number, bond-length and the bond
angle. The later reflects dihedral angle, ring, intermolecular and dimensional structure. Second
category of the atomic structure are various defects, such as dangling-bonds and wrong bonds
(also called homopolar bonds) [17, 20].

3.1. Chemically ordered network model

Coordination of constituents plays a significant role in the local structure of amorphous
solids. Usually, germanium has the coordination number Z = 4 (according the 8 — N rule, where
N is the number of valence electrons). This leads to the presence of [GeSes/] tetrahedron as the
main structural unit cross-linked either at corners (CS - corner-sharing [GeSea/,] tetrahedra —
fig. 3-1a) or at edges (ES - edge-sharing [GeSeu] tetrahedra — fig. 3-1b) [20] in stoichiometric
GeS(e) binary glasses. With the change in the cation from germanium to arsenic (or antimony),
Z decreases from 4 to 3 In As(Sb)S(Se, Te) binaries. The main structural unit in such binary
chalcogenides is [As(Sb)Sesz] pyramidal unit (fig. 3-1d). Although the stoichiometry in
mentioned systems would normally allow the creation of energetically more favourable
heteropolar bonds only, the deviations from stoichiometry during the glass processing give rise
to presence of homopolar bonds (fig. 3-1c) [20]. Despite the fact that the coordination of gallium
still remains a bit controversial, it is generally accepted that when incorporated in glasses, it
adopts a 4-fold coordination possibly forming [GaSes/2] tetrahedral units [91, 92]. Finally,
chalcogen elements, having 6 valence electrons have Z = 2. Therefore, in pure chalcogens S(Se,
Te), the structure is molecular as rings or short chains are formed [17]. Some of the predominant
structural units identified in Ge-Sh-Se thin films are depicted in the figure 3-1.

(d) __—
\/\

¢ selenium

@ germanium

‘ antimony

Fig. 3-1 Some of the typical structural units in Ge-Sb-Se amorphous network: (a) corner-
sharing (CS) [GeSeas] tetrahedra, (b) edge-sharing (ES) [GeSesr] tetrahedra, (c) Ge-Ge
homopolar bonds in [Ge>Seer] entities and (d) [SbSes2] pyramidal units — edited from
Micoulaut et al.[93].

36



Chapter | — Theoretical part

In multicomponent glasses Gex-Py-Ch;, Tichy and Ticha [94] defined the quantity R by:

R= Z.ZCh
X Zge+ Y Zp

Eq. 3-1

where X, y and z are the atomic fractions of germanium, pnictogen and chalcogen. Z; is
coordination number of these constituents (i.e. 2, 4 and 3 for Zcn, Zge and Zp). The chemical
threshold when only heteropolar bonds exists, R = 1. For R > the system is chalcogen rich and
for R < 1 the system is chalcogen poor [94].

3.2. Topological approach

Phillips [95] used the concept of the a mean coordination number Z in constraint-counting
arguments to explain the glass-forming tendency of certain alloys. The number of constrains
for glasses is defined as [96]:

Z
Ncon = E+ (ZZ - 3)
Eq. 3-2

where the first term is arising from bond-stretching and the second term from bond-bending
constrains [96]. According this theory, the ideal glass-forming condition occurs when the
number of constrains per atom (Ncon) equals the number of degrees of freedom per atom (Nq),
[97]. Furthermore, the glass is rigid (overconstrained) when Ncon > Ng. On the other hand, when
Ncon < Ng, the glass is considered to be floppy (underconstrained) [98].
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4. Photoinduced effects in amorphous chalcogenides

Photoinduced phenomena in amorphous chalcogenides include a large number of changes
initiated or enhanced by light exposure. The exposure to light or other electromagnetic radiation
excites electron-hole pairs, which gives rise to the production of structural changes. As a
consequence of these light-induced changes in the short-range order and atomic configurations
a large variety of physical and chemical properties are altered. These include density, hardness,
elastic constants, optical properties, electric transport properties, phase, chemical solubility and
reactivity [16, 99-102]. Photostructural transformations are apparently possible due to the
existence of both covalent and Van der Waals bonds which make the glass network in
chalcogenides flexible and easily rearrangeable with several quasi-stable states [101].

Two basic groups of photoinduced effects are considered, whether the light-induced
temperature is determinative or not, i.e. thermal or photon (athermal) effects. At the present,
the most well-known thermal effect in chalcogenides is the optical phase change in tellurium-
based films firstly described by Ovshinsky’s group around 1970 [17, 103]. The essential
requirements for a PCM include good thermal stability of amorphous state, rapid phase changes,
large optical/electrical changes and a large number of cycles between amorphous and crystalline
states [104].

As a breakthrough discovery in phase-change memory (PCM) materials, the pseudo-binary
compositions at GeTe—Sh,Tes tie-line also known as GSTs are considered.

Phase-change transition time for GeTe—Sh,Tes pseudo-binary decreases when moving
towards ShoTes (in the direction from Ge»Sh,Tes to GeSh,Tes and further to GeSh4Ter)
approximately from 100 to 30 ns. However, material becomes less stable and the re-
crystallization may also occur at room temperature after a certain period of time. Based on a set
of properties that were taken into account (including the phase transition time, optical contrast
between the amorphous and crystalline state, and melting temperature), the composition
Ge2ShoTes found its commercial use as an optical phase-change disk, in the three generations
of PCM [105-107]; compact disk (CD), digital versatile disk (DVD) and Blu-ray disk (BD).
Recently, the reflectivity contrast as high as ~0.21 between amorphous and crystalline state
accompanied by large sheet resistance decrease was reported by Bouska et al. for pulsed laser
deposited GST thin films [108]. Other advances in PCM comes with various technological
approaches including three-layered BD with the capacity as high as 100 GB [104] and other
solutions combining PCM with polar crystals, metal nanostructures (metamaterials), dielectrics
etc. [109].

One should distinguish between optical phase change and photo-enhanced crystallization
which occurs at the significantly lower temperatures. PHC in amorphous selenium has been
studied by several authors since the end of 1960s and was extended to studies on evaporated
selenium films in the beginning of 1970s, [110, 111]. Sakai et al. proposed that in the photo-
enhanced effect, the lone-pair electrons of Se atoms in amorphous GeSe> be excited by incident
photons bearing the energies above the bandgap. The bond switching or atomic rearrangements
occurs when the electron relax through an electron-phonon interaction. Therefore, it is
considered that the crystallization from amorphous state to crystalline GeSe; is accelerated due
to the light irradiation [112].

Optically and thermally induced diffusion and dissolution (OIDD) of various metals such
as Ag (Cu, Zn) into amorphous As-S, As-Se, Ge—Se and Ge-S chalcogenide films is another
well-known phenomena. The amount of dissolved Ag ions can exceed even 40 at. % for some
systems [113]. The basic principle of optically induced dissolution of Ag in evaporated Asz3Se7
is shown in figure 4-1.
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Fig. 4-1 Formation of Ag* ions during silver photo-dissolution process. Photo-excited hole
and electron motions govern Ag* migration — redraw from Wagner et al. [114].

According photocalorimetry measurements using high pressure mercury lamp with light
intensities between 20 and 500 mW-cm™ at the sample and IR cut-off filters, OIDD includes
Ag" ion formation, as a part of the chemical reaction 2 Ag + S — Ag>S. Ag—S bonds are also
created as a part of the solid state reaction Ag + AsS> — AgAsS> when the stoichiometric
compound or a solid solution with composition of stoichiometric compound is
formed [114, 115].

In the early 1970s De Neufville et al. reported shift in the optical absorption edge of
evaporated As;Sez and As»Sz amorphous films (fig. 4-2). As-deposited films undergo
irreversible photodarkening when exposed to the bandgap illumination with beam intensity of
100 mW-cm™ in the vacuum (photostructural transformation) or when annealed at ~Tq in the
dry nitrogen flow (thermostructural transformation). The optical effects in these films were
accounted for in terms of defect creation and polymerization, respectively. They also reported
reversible photodarkening of exposed annealed films which can be considerably restored by
consequent annealing process [116].

39



Chapter | — Theoretical part

5x10° . . : 5x10°
. (a) \ (b)
$,9; - 5,98, s
G V4
7
104 10
£ £
L g
3 3 .
/ /
/ —— As deposited / —— As deposited
— = After 1 hour at 180°C — -After 1 hour at 180°C
- - - Exposed for 17 hours / - - - Exposed for 17 hours
/ /
7 /
/
3 L 1 L 3 f L 1
1 24 25 2.6 2.7 19 1.8 1.9 2.0 2.1
Photon energy (eV) Photon energy (eV)

Fig. 4-2 Influence of exposure and annealing on evaporated (a) AszSz and (b) AszSes films —
digitized data from De Neufville et al. [116].

Such restoration process is never complete indicating that two components take place —
reversible component — which can be restored by annealing near Tg, and the irreversible one
[43]. The irreversible component is believed to be caused by thermal or photopolymerization of
as-evaporated film which is formed from numerous vapour species present during evaporation
process leading to different spatial structure (irreversible structural changes). For example, in
stoichiometric As,Ses films, where the chemical ordering would normally allow the formation
of heteropolar As—S bonds only, the presence of homopolar bods (As—As and S—S) is
inevitable due to the deviations from the stoichiometry [20]. Moreover, the competition of
different bond energies, e.g. Ge—Se and Sb—Se in Ge-Sbh-Se ternary alloys, makes this
problem even more critical [17].

During annealing or illumination homopolar bonds are cleaved and energetically more
favorable heteropolar bonds are formed instead. Cleaving of homopolar bonds (“wrong bonds™)
followed by the formation of heteropolar bonds is believed to be responsible for the
photodarkening (PD) of As-based and photobleaching (PB) of Ge-based chalcogenide glasses
[26]. lllumination of evaporated GeSe> under vacuum leads to the PB ascribed to intrinsic

structural changes following Ge—Ge + Se—Se h—>w Ge—Se, [117, 118].

Tichy et al. have studied the reversible process induced by band-gap illumination in GeSe;
evaporated thin films at the liquid nitrogen temperature. At such low temperatures the atomic
mobility is suppressed. At the same time, however, excited states similar to self-trapped
excitons (STE) are formed. Low temperature suppresses the photo-excited carrier separation
(thermal diffusion is suppressed) making both the density and stability of STE-like centers
higher. If illumination at around room temperature is carried out, the separation of photo-
excited carriers can be possible and the system can partly relax back to the ground state.
Simultaneously, a part of STE-like defects can be converted to more stable random pairs by
bond switching. Such processes are responsible for darkening of GeSe» evaporated films at a
liquid nitrogen temperature [119]. Regarding the different behaviour observed between
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annealed and as-deposited films whatever the selected PVD method, it can be assumed that a
large number of stabilization mechanisms occur during the irradiation of as-deposited films.
These include photopolymerization (accompanied by void collapsing), homo-to-heteropolar
bond interchange and photoenhanced vaporization on air [17, 43].

Furthermore, PD in amorphous chalcogenides is also usually accompanied by photoinduced
volume expansion (photoexpansion or PVE), [20]. Shimakawa et al. proposed the model to
explain the PD in arsenic-based layered chalcogenides and amorphous selenium [120]. In
proposed model, depicted in figure 4-3, photogenerated holes diffuse away to the irradiated
region. This causes the repulsive interlayer Coulombic interaction producing an increase in the
interlayer distance (volume expansion). Furthermore, a slip motion along the layers is expected
to occur. This motion is known to increase the lone-pair interaction between interlayers
resulting in PD. Another contribution to PD may be coming from photoinduced defect creation,
specifically bond breaking between As and Se [121].

Expansion

® Selenium

QO Arsenic

Fig. 4-3 Schematic of interlayer slipping and expansion during the exposure of arsenic-based
layered chalcogenide — redraw from Kugler and Shimakawa [121].

For the long time it was believed that PD and PVE in evaporated As,Sz films, firstly
reported by Hamanaka et al., [122], were two aspects of the same phenomenon. However, this
supposition was later refuted by Tanaka [123], who demonstrated that the time constants of
these two phenomena are different. It was observed that the evolution of PVE saturates earlier
than that of PD, suggesting that these two phenomena are not directly related to each other
[121]. The reverse photoinduced volume change (i.e. photocontraction) was reported in ternary
Ge-As-Se system of various compositions. Calvez et al. suggested that both large
photocontraction and photoexpansion are result of optically tuning the local structural enthalpy;
effectively altering the local glass density in the non-crystalline Ge-As-Seis, [124]. However,
general explanation of the microscopic origin of photoinduced volume changes is still
speculative and remains open at the present time [125]. Moreover, contribution to PD observed
in Se-rich Ge-deficient evaporated GexSeiox thin films may be originating from
photocrystallization of a-selenium in these films [126].

Presence of oxygen and water vapour during the illumination on air or in poor vacuum can
lead to light-induced oxidation (photo-oxidation), [116]. Berkes et al. referred the growth of
small cubic As2O3 crystals on the surface of As2Ses and As2Ss evaporated films leading to an
increase in optical density [127]. Photo-oxidation in germanium based chalcogenides was also
studied by many authors [107, 128, 129]. Depending on material, light induced surface
oxidation can result in both bleaching or darkening [107]. Infrared absorption spectroscopy is a
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suitable method for observing As—O and Ge—O stretching vibrations in arsenic- and
germanium-based chalcogenide films, respectively [129, 130].
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1. Synthesis of selenide glasses by melt-quenching technique

All the silica tubes used for the purification and the synthesis of chalcogenide glasses are
first cleaned (etched) using the hydrofluoric acid. After the etching they are rinsed by tap water
and deionized water. The tube is then dried under the vacuum when installed to the experimental
set-up. All the elements of high purity (5-6 N) are weighted, typically in the glovebox and
introduced into the dried silica tube.

1.1. Purification of selenium

Purification of selenium is performed in order to minimize the impurity content in the
synthesized glass (Se—H and Se—O coming from SeO,). Commercial selenium of initial purity
about 5 N is introduced into the silica tube (fig. 1-1) under dynamic vacuum. The set-up is about
20 hours under vacuum provided by turbomolecular pump (~10° mbar). After this, the
selenium is heated to 300 °C for 6 hours to eliminate the majority of impurities.

vacuum I
—

impurity trap\

tubular furnace

liquid nitrogen

regulation unit

0 /

X

Fig. 1-1 Selenium purification set-up.

Purification of tellurium is performed in double batch assembly silica tube. Tellurium,
placed in the first batch, is heated to 530 °C and distilled into the second batch.

1.2. Synthesis of selenide glasses

The synthesis of Ge-Sb-Se chalcogenide glasses is performed in evacuated silica tube in
order to prevent the oxidation of used chemical elements. Such experimental set-up is shown
in the figure 1-2. Here, the selenium is introduced in the part with the filter while the other
elements (antimony and germanium) in the bottom part of silica tube. The set-up is evacuated
down to ~10"° mbar of pressure during the night (~15 hours). After this time is elapsed, the
silica tube is sealed and prepared for the static distillation of selenium (fig. 1-3). In the case of
Ge-Sh-Se-Te system, tellurium is introduced in the part with the filter together with selenium.
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Fig. 1-2 Set-up for synthesis of Ge-Sb-Se target.

In the process of static distillation of selenium, the selenium vapours condensate from the
hot part of the silica tube, which is heated up to 750 °C for two hours in the cold part of silica
tube containing the other elements.

cold part

\ hot part

regulation unit

Fig. 1-3 Distillation furnace.

After the static distillation the bottom of the silica tube is sealed and prepared for the
synthesis of chalcogenide glass by conventional melt-quenching technique. The elements are
melted and homogenized in the rocking furnace at the temperature of 850 °C. Thereafter, the
glass is annealed for 6 hours at the temperature just below the glass transition temperature (Tg
— 10 °C) for its relaxation. The glass is then cut by diamond wire saw (fig. 1-4a) and polished
by multistage polishing onto targets with the thickness of 3.5 mm until the fine ‘mirror-like’
surface is achieved (fig. 1-4b).
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Fig. 1-4 (a) Cutting process by diamond wire saw. (b) Fine polished Ge-Sb-Se sputtering
target of 50 mm diameter.
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2. Fabrication of thin films

Various physical vapour deposition (PVD) techniques were showed to be suitable for the
fabrication of chalcogenide amorphous thin films. Thermal evaporation is usually considered
as the most accessible PVD technique. In this technique, the bulk material, which is usually
prepared by conventional melt-quenching technique (if glass), is placed into the boat or crucible
and heated (resistive heating) in the vacuum. This technique is suitable for chalcogenide
glasses, because of their low melting points. Produced melts are evaporated and vapour is
collected on a substrate, forming the thin film. However, the glasses containing the constituents
with much different melting temperatures and/or vapour pressures, may result in film having
the composition different from that of bulk source varying throughout its thickness. This
problem can be solved using modified method called flash evaporation. In this method, a fine
powder of the starting material is dropped in small quantities onto very hot filament. Pieces of
the powder “burst” and the material is transferred onto the substrate whereby the composition
of the starting material is well preserved [1].

Pulsed laser deposition (PLD) uses relatively high energy fluency laser beam to eject
(ablate) particles from the surface of an absorbing target. Typical lasers for the fabrication of
thin films by PLD are KrF excimer laser (A=248 nm) and Nd:YAG laser (A=532 nm). PLD
enables stoichiometric transfer of target material towards the substrate. It is also relatively easy-
control [2]. Disadvantage of the PLD is difficulty in preparing thin films of larger areas with
homogenous thickness [3]. This may be particularly solved by off-axis geometry.

Another deposition techniques can be used for the fabrication of amorphous thin films,
such as spin-coating [4] or chemical vapour deposition (CVD), radio-frequency (RF) magnetron
sputtering and co-sputtering, etc. Both RF magnetron sputtering and co-sputtering are discussed
in following section.

2.1. RF sputtering

In the sputtering deposition, atoms are ejected from the surface of a target made of the
appropriate material by collisions with energetic ions and the substrate exposed to the ejected
material. This results in deposition of a film with the composition of the target material. Most
sputtering is done by noble gas ions because of their non-reactivity (typically argon, because of
its intermediate mass), however the reactive gas such as oxygen can be used (reactive
sputtering). The most common method is to ignite plasma of the sputtering gas and
electrostatically accelerate positive ions from the plasma onto the target by biasing the target at
a negative potential. In the sputtering process, a positive Ar ion hits the target, normally
removing electrons from it and reflecting as a neutral atom. It can also generate secondary
electrons that leave the surface and move into the plasma. However, this is true only if the target
has a high enough conductivity, so the electrons can move to the surface to replace those that
are removed by sputtering. Insulating materials, such as chalcogenides, do not satisfy this
requirement. Thus, sputtering from insulators can be achieved by using an oscillatory target
voltage. In this way, a burst of atoms or molecules is sputtered each time the voltage goes
negative and the resulting surface charge is neutralized in the subsequent positive swing. Since
only 100 ns burst is obtained for each cycle of the target voltage, a high frequency is needed to
obtain sufficient rates, typically RF of 13.56 MHz as it is frequency set aside by international
agreement for use in industrial process that take place without completely shielding against RF
emissions [5]. A typical RF sputtering system is shown in the figure 2-1 (a).
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Fig. 2-1 (a) RF sputtering system. The power circuit and matching network deliver electrical
power to the target. Forward and reflected power meters monitor the phase matching of the RF
generator to the load. — Redraw from Keavney and Falco [5]. (b) Planar magnetron target
assembly. (1) Eroded target due to the intense plasma, (2) magnets providing (3) magnetic field
lines, (4) low energy electrons reaching the anode (5) along magnetic field lines. High energy
electrons cross field lines by collision with gas atoms (6). — redraw from Westwood [6].

To deliver the RF power to the target, an impedance matching network must be used.
Otherwise, the load may be out of phase with the power supply reducing the efficiency of power
transfer to the target. This matching network is usually variable, to allow the compensation for
different target materials that might introduce different phase shifts and for fine tuning the
power transmitted to the load [5]. The sputtering rate is usually increased by enhanced
ionization of gas atoms in the plasma. If the electrons in the plasma are made to move in a spiral
path rather than a straight line, the probability of collision of electrons and the gas atoms
increases. Such motion of electrons and entrapment of secondary electrons close to the target
can be achieved by controlling the magnetic field just above the target. ExB drift (where E is
the electric field perpendicular to the magnetic field B) makes electrons move in a direction
perpendicular to these fields. In the <case of circular planar magnetron
(fig. 2-1b), the ExB drift path takes the shape of a closed ring, which is the path of the motion
of secondary electrons. After a substantial degree of sputtering, the cross-product leaves a
concentric erosion groove on the sputtered face of the target [7].

2.1.1. Co-sputtering

Sputtering employing multiple cathodes (co-sputtering) brings the advantage of adjustable
electrical power ratio applied on individual cathodes which enables to obtain thin films with
various compositions. This makes co-sputtering cost-effective for compositional dependencies’
studies of materials’ properties. The schematic representation of three cathode geometry co-
sputtering is shown in the figure 2-2.
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Fig. 2-2 Schematic representation of three-cathode geometry of co-sputtering technique with
electrical power applied on two cathodes (C1 + C2).

In spite of obvious advantages of co-sputtering, this is not commonly used technique for
amorphous chalcogenide thin films fabrication. Recently, RF magnetron co-sputtering
technique was used for the compositional dependencies studies of various properties of
chalcogenide amorphous thin films. Lin et al. studied photo-induced structural changes in co-
sputtered Ge-Sh-Se films using GeSe, and Sb sputtering targets [8]. Photo-induced effects in
the same system (however with higher selenium content) were studied by Halenkovic et al. In
their work, they used targets with compositions GeSez, Sh.Ses and GezsShi2Seso [9].
Compositional dependence of crystallization and structural stability in Se-poor co-sputtered
Ge-Sh-Se films from GezoShisSegs (or Ge2sShi12Seso) and Sh(Ge) targets were studied by Wang
et al. [10]. Optical properties of In-Ge-Se thin films co-sputtered from GeSe> and In targets
were studied by Chen et al. [11].

Co-sputtering was also used for the studies of phase-change kinetics of amorphous
GexShoTes (GST). Cho et al. used co-sputtering technique for “doping” of GSTs by bismuth
and aluminium using GST and Ge;Bi>Tes (or Al) targets [12]. Phase-change transition
characteristics of bismuth and tin “doped” GST thin films for phase-change random access
memory were studied by Park et al. [13]. In their work GST, Bi and Sn targets were employed.

2.1.2. Thin film morphology

Thin film morphology depending on process variables is often described by Structure Zone
Model (SZM) depicted in the figure 2-3 [14]. Here the deposition process variables are the
reduced temperature T/Twm (where T is the substrate temperature and Tw is the melting point of
the bulk material) and the argon pressure in the PVD chamber which is directly related to the
ion bombardment energy. In more recent version of SZM proposed by Messier [15], five zones
corresponding to different film morphology depending on deposition process variables are
found. Zone 1, which corresponds to porous morphology, is characterized by tapered columns
separated by voids. Zone T, also called transition morphology, has no long-range structure
beyond the nanometer length-scale. The “matchstick” morphology, depicted as zone M, has
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parallel columns with domed tops. Zone 2 corresponds to columnar crystalline grain structure
and the zone 3 to recrystallized crystalline grain structure respectively [15].

' Evap:~ Sputter

Fig. 2-3 Structure Zone Model for columnar thin films — redraw according adapted version of
Thornton [14] in Messier [15].
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3. Characterization of chalcogenide glasses and thin films

3.1. Density measurement

Buoyancy method is a simple technique for determination of density of non-porous solids
based on the Archimedes’ principle. The solid is first weighed in air (ma) and then again (msg)
in reference liquid (e.g. ethanol). The density of solid p is then obtained according:

my
=—X
p M, — mp Po

Eq. 3-1

where the po stands for the density of the reference liquid. During the experiment, the
temperature of the reference liquid must be taken into account.

3.2. Differential scanning calorimetry (DSC)

In DSC, the sample of interest in an aluminium pan is heated together with an empty
reference pan at a certain heating rate (typically dT/dt = 10 °C min™). The heat flow to a sample
(dHt/dt) compared to that of the empty reference pan is recorded. The total heat flow rate is
given by:

dH, . dT

— kin
dt Pdt
Eq. 3-2

where C{,‘i” represents the kinetic specific heat of the sample [16]. The typical DSC curve of a
chalcogenide glass is shown in figure 3-1.
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Fig. 3-1 The DSC curve of Geso.7Sbs2Sess.1 chalcogenide glass at the heating rate of 10°C
min! with indication of T, determination.
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3.3. Scanning electron microscopy

In the SEM, the beam of electrons produced by electron gun is focused (in vacuum) in a
form of fine probe, that is rastered over the surface of the specimen [17]. The primary electrons
leaving the electron gun are accelerated by voltage between 1 — 30 kV and demagnified by a
set of two condense lenses. Subsequently a set of scanning coils forces the electron beam to
rapidly scan over an area of the specimen while the magnetic lenses focus the beam on the
sample [18]. As the electrons penetrate the surface, several phenomena may occur including the
emission of electrons or photons from (or through) the surface [19].

The images produced in the SEM are of three types: secondary electron (SE) images,
backscattered electron (BSE) images and elemental X-ray maps. SE and BSE are
conventionally separated according their energies. When the high-energy primary electron
interacts with an atom, it undergoes either inelastic scattering with atomic electrons or elastic
scattering with its nucleus. In an inelastic collision, some amount of the energy is transferred to
the other electron. If this energy exceeds the work function of the electron, the emitted electron
can exit the solid (the energy of emitted electron is less than 50 eV). Most of the emitted SE are
produced within the surface and subsurface of the material (down to 30 nm) [17, 18]. BSE are
high energy electrons that have been scattered by the atomic nucleus without loss of their kinetic
energy (i.e. elastically scattered). They are considered having energy greater than 50 eV. The
higher the atomic number of a material, the more likely it is that backscattering occur. Thus,
the signal due to the backscattering increases as the Z increases [17].

3.3.1. Energy-dispersive X-ray Spectroscopy (EDS)

When the high-energy radiation of the electron beam interacts with the material, it removes
the inner shell electron (ionization). To return the ionized atom to its ground state, an electron
from the outer shell (higher energy electron) fills the vacant inner shell, releasing the potential
energy difference between the two shells. This excess energy is unique for every atomic
transition and may be emitted in the form of X-ray photons or self-absorbed and emitted as an
Auger electron (fig. 3-2a). An example can be given, considering the ionized electron from the
K shell which is replaced by an electron from the L shell. The excess energy is emitted as the
characteristic X-ray labelled as Kai. The hole created in the L shell will be filled by an electron
from a higher shell (M shell), if one exists. This M—L transition may result in the emission of
another X-ray labelled according to one of the many M-L transitions possible. Such cascade of
transitions will continue until the last shell is reached (fig. 3-2b), [20].
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Fig. 3-2 (a) Inner shell electron ionization in an atom and subsequent de-excitation by electron
transitions. The excess of energy from an electron transition is expressed either as the ejection
of an energetic electron with characteristic energy (Auger process) or by the emission of a
characteristic X-ray photon — redraw from Goldstein et al., [21] (b) Typical series of electron
transitions that may follow the K-shell vacancy — redraw from Bertin [22].
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3.4. X-ray diffraction (XRD) analysis

XRD analysis is a technique used for the detection and identification of crystalline phases
in the material.

When the electromagnetic radiation with the wavelength (1) comparable with the atomic
spacing of the crystal, i.e. L ~ 0.1 nm, interacts with the material, it undergoes the diffraction
of the incident wave. Therefore, X-rays will be diffracted by the crystalline solids (fig. 3-3).
Mathematically, the diffraction can be expressed by means of Bragg’s law of diffraction:

2d sinf = nd
Eq. 3-3

where d is the interplanar spacing of a particular set of planes, ¢ is the angle between the incident
(or diffracted) ray and the relevant crystal planes and n is an integer, referred to as the order of
diffraction (often unity) [18].
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X-ray beam

Fig. 3-3 Schematic diagram showing the Bragg’s law concept — redraw from
Ashby et al., [18].

In the typical XRD experiment, the diffracted intensity is measured as a function of 26 and
the orientation of the specimen, which yields the diffraction pattern [23].

3.5. Ellipsometry

3.5.1. Polarization of light

Polarization of light describes the shape of electric field propagating through the space and
time by means of superposition of two orthogonal plane waves. These are one parallel, the other
perpendicular to the plane of incidence. Both waves are characterized by their amplitude and
the phase. There are three types of polarization of light. First is linearly polarized light, when
the phase difference of the waves with arbitrary amplitude is 0° or 180°. Circularly polarized
light comprises of two waves with the equal amplitudes and the phase difference of +90°.
Finally, the superposition of two orthogonal plane waves with both arbitrary phase and
amplitude results in elliptically polarized light.

3.5.2. Spectroscopic ellipsometry

As shown in figure 3-4 ellipsometry is based on the measurement of the change of the
polarization of the light as it interacts with the sample. Electric field is being described by its
two components Ep (parallel to the plane of incidence) and Es (perpendicular to the plane of
incidence).
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Fig. 3-4 Reflection of linearly polarized light — redraw from Zheng et al., [24].

Ellipsometry determines the complex ratio of output/input electric fields:

' Eout/Ein |T‘ | _
= tan(y)ed = 2L E — TP ,i(6p=5s)
p = 1) = pout g =

Eq. 3-4

where rp and rs are Fresnel reflection coefficients while angles w and 4 are so called
ellipsometric parameters. The ratio of the modulus of the amplitude reflection coefficients is
given by tan y. The phase difference between p- and s-polarized reflected light is given by 4.
Two ellipsometric parameters, w and 4, are directly obtained from ellipsometry measurement
[24]. Spectroscopic ellipsometry is a very sensitive technique which is routinely used to measure
thickness and optical constants of dielectric, semiconductor and metal thin films. It enables the
evaluation of the complex dielectric function, ¢ = e1+i &2, which is related to the refractive
index, n, and extinction coefficient, k, ¢ = (n+ik)?, through y and 4. The determination of
complex dielectric function enables the investigation of the electronic structure of material,
which is related to the joint density of states for interband absorption [25].

3.5.3. Modelling and data fitting

Ellipsometry is a non-direct technique which uses fitting of the proper model applied on
the measured data. However, its sensitivity is very high since one obtains two simultaneously
measured parameters (y and 4). Furthermore, spectroscopic ellipsometry at higher energies
(UV-Vis) is very sensitive to surface roughness. The transparent region of amorphous thin films
and glasses is often described by normal dispersion (the light with higher wavelengths travels
faster through the medium and vice versa). Two models for normal dispersion might be used
for fitting the refractive index in this region, namely Cauchy dispersion formula and Sellmeier
dispersion formula, described in chapter I, subchapter 1-2. The imaginary part of the dielectric
function, &2 (E) = 2nk, calculated as the product of variable band edge function (G) and Lorentz
oscillator function (L), in the whole region of measured spectra is then fitted using e.g. Cody-
Lorentz (CL) model:
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E, (E—E,
I Eexp{ L }; 0<EC<LE,
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Eq. 3-5

In CL model, G (E) function is given by empirical expression G (E) o [(E - Eg”t)z/

2 : . . : .
(E — E;pt) + Eﬁ] derived on the assumption of parabolic bands and a constant dipole matrix;

L (E) is simple Lorentz oscillator. E; stands for demarcation energy between the Urbach tail
transitions and the band-to-band transitions. For energies lower than E; (0 < E < Ey), Eq. 3-5
leads to the Urbach formula of absorption coefficient, a(E) o< exp(E/Eu); where Ey represents
Urbach energy [26]. Minimal value of Urbach energy for non-crystalline solids and liquids with
optical gap of 1-9 eV is of ~50 meV. This value is connected with intrinsic density fluctuation
in glassy structures. Another disorder such as compositional, heterogeneous and defective tend
to increase value of this parameter [27]. Furthermore, E1 is defined to hold the continuity of &>
at E = E¢: E1 = EtL(Et)G(Ey). For E > Et, excLis given by the product of G(E) and L(E) functions.
E;pt represents the optical bandgap energy. E, stands for transition energy, given by the sum
of Ep + E;P*. This transition energy separates the absorption onset at the E < (Ep + E;7") from

the Lorentz oscillator behaviour at E > (E, + E;pt). Lorentz oscillator is described by its
resonance energy (Eo), amplitude (A) and broadening (I'), respectively.
The real part of dielectric function &1(E) = n? — k? is obtained by Kramers-Kronig relation
of imaginary counterpart of the dielectric function 2(E), [28].
The process of fitting the ellipsometry data is finalized by calculating the theoretical values
of vy and A using the selected model and comparing them with the measured values. The
function of mean square error is usually employed for the comparison [24]:

N

1 E
MSE =
> 2N - M

i=1

2

2
Lpimod _ Lpiexp Agnod _ A?xp
exp + exp
Og,; Op,i

where N is number of measured pairs of ellipsometric parameters y and 4; M is the total number
of fitted parameters. oy, and oy; are estimated experimental errors of ellipsometric

parameters [28].

Eq. 3-6

3.6. Amplitude modulated atomic force microscopy (AM-AFM)

Atomic force microscopy seems to be powerful tool to examine the topographical
properties of the surface of dielectric thin films such as chalcogenides. Lacking the electrons
on the surface of such films, this scanning probe microscopy technique uses the special probe
(cantilever) usually having silicon or silicon nitride tip with the reflective backside coating. The
attractive/repulsive forces between the cantilever tip and the scanned surface cause the
deflection of the tip, which is detected using laser diode and position photodetector (quadrant
photodiode). Perhaps most often used AFM technique is amplitude modulated atomic force
microscopy (AM-AFM). In AM-AFM, the tip of the cantilever is not in the contact with the
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sample; however intermitted contact between the tip and the sample may occur. For this reason,
AM-AFM is sometimes called “tapping mode” or “semi-contact mode”, [29].

Cantilever being “exited” using piezo close to its resonant frequency is approached to the
sample surface until the set value of amplitude deflection (SetPoint) is achieved. Surface
roughness of the film is then recorded by means of deviation from the SetPoint value. Feedback
loop of the Z-signal returns the cantilever to the initial SetPoint value immediately, so the lateral

information about the sample surface roughness is obtained [30]. The scheme of AM-AFM is
shown in figure 3-5.

Quadrant > Lock-in | Phase
photodiode amplifier
p —9> Amplitude
P

reamplifier  Reference
. signal
Laser diode
Driving
signal Ourve
Oscillator
Mﬁa
z-signal
Feedback [«

PI-controller [«—— Setpoint

X, ¥, Z-scanner l <

Topography signal

Fig. 3-5 AM-AFM detection scheme with lock-in amplifier for the detection of deviation of
the oscillation amplitude from the SetPoint value — redraw from Voigtlander [30].

When one obtains the z information of lateral image (X, y), sample surface roughness is
usually expressed by means of average roughness:

N
1 _
RA = NZIZL- —Z|
=1

Eq. 3-7
or more often by root-mean squared roughness:
1 >\ 2
RMS = NZ(Zi —2)
i=1
Eqg. 3-8
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3.7. Raman scattering spectroscopy

When the intense beam of monochromatic light interacts with the sample, it undergoes
both elastic and inelastic scattering. The former, also called Rayleigh (or Tyndall) scattering,
thus has the same frequency as the exciting radiation. The later called Raman scattering
(Smekal-Raman effect) appears at both lower (Stokes) and higher (anti-Stokes) wavenumbers
compared to excitation frequency (fig. 3-6), [31]. The stored energy produced by the distortion
of electron clouds due to the incident electric field is transferred to the sample, exciting the
vibrational modes [32]. The intensity of the Stokes line is proportional to 1.

Detector /
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apmilifier

Y
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Fig. 3-6 Simplified scheme of Raman spectrometer and resulting spectrum — redraw from
Klopffer [31].

Raman spectroscopy is a primarily a structural characterization tool, which is more
sensitive to the lengths, strengths and arrangement of bonds in a material than it is to the
chemical composition. It is also particularly useful for investigating the structure of amorphous
materials. Generally, the Raman spectra of amorphous solids exhibit broad bands centered at
the wavenumbers which might correspond to the vibrational modes of their crystalline
counterparts [32]. However, the peak position is strongly affected by the local structure in the
glass network.

3.8. Beam self-trapping technique

Beam self-trapping technique is an experimental technique suitable for the measurements
of nonlinear optical properties of thin films. It is based on the analysis of the spatial light beam
distribution propagating in the slab waveguide. As depicted in figure 3-7, in such measurement
the laser beam reshaped to an elliptical spot by cylindrical lens and focused by x 40 microscope
objective enters the waveguide. The light is coupled using the combination of half-wave plate
and polarizer. Beam distribution at the output of the waveguide is then monitored using IR
camera with x 10 microscope objective [33].
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Fig. 3-7 Experimental set-up for beam self-action in chalcogenide planar waveguides. A/2, half-
wave plate; PBS, polarizing beam splitter; CL, cylindrical lens; Obj, microscope objective —
redraw from Kuriakose et al. [34].

In the linear regime, the input bean being narrow (i.e. few tens of micrometres) enlarges
due to the diffraction along few millimetres propagation distance. In nonlinear regime, the
diffraction is modified due to either self-focusing (fig. 2-7 in chapter 1) or self-defocusing [35].
Considering both linear and nonlinear absorption the optical beam propagation is modelled by
the nonlinear Schrédinger equation [36]:

0E a p ]
a_Z: —E—ElEzl E+ lKOlelEzl E
Eq. 3-9

where electric field E is related to the intensity by I = [E?]. Ko is the propagation constant in
the medium. Nonlinear refractive index n. is deduced by analysis of the output beam profile
modification as a function of the injected light power [35].
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1. Choice of the system

The thin films studied in the frame of this work come from Ge-Sbh-Se, Ga-Sb-Se and Ge-
Sb-Se-Te systems. The choice of studied systems was made based on below described reasons.

Due to the presence of arsenic in classical binary chalcogenides (As2Ss, As2Ses), which is
highly toxic in its elemental form, arsenic-based chalcogenides are supposed to be
environmentally improper for some applications [1]. These include (bio)chemical sensors that
are likely to be discarded after their use [2]. Thus, exploiting germanium as an alternative glass
network former, with respect to required wide transparency in mid-IR region, high (non)linear
refractive index and glass-forming ability, the Ge-Se system should be advantageous when
compared to Ge-S or Ge-Te [3, 4]. Moreover, in contrast with arsenic-based chalcogenides,
four-fold coordinated germanium atoms spatially sustain the glass network resulting in higher
glass-transition temperature (Tg) and improved mechanical properties, i.e. network rigidity,
strength and hardness [5]. Covalent glasses of ternary Ge-As-Se and Ge-Sh-Se systems have
been recently widely studied due to relatively large glass-forming domain and good physical
and mechanical properties in comparison with classical binary chalcogenide compounds.
Despite the particular attractivity of Ge-As-Se system having greater glass-forming ability
when compared to Ge-Sh-Se system, the introduction of antimony in the glass network provides
higher polarizability increasing (non)linear refractive index and reduced photosensitivity [6]
offering an interesting option for the applications in the field of nonlinear optics [7-9]. The
glass-forming domain of Ge-Sh-Se system is shown in figure 1-1a.

0y 100 0, 100

100

Fig. 1-1 Glass domains of chalcogenide glasses of (a) Ge-Sb-Se, (b) Ga-Sb-Se, (c) Ge-Se-Te
and (d) Ge-Sb-Te systems — digitized data from various references [10-12].
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Recently, germanium-free chalcogenide system of Ga-Sb-Se has been investigated by
Lecomte et al. for the potential night-vision applications [11]. Furthermore, Sb-rich Ga-Sh-Se
co-sputtered films are considered to be a potential replacement of GST for phase-change
memories having higher thermal stability, smaller density change and higher crystallization
speed when compared to GST [13]. The glass-forming domain of Ga-Sb-Se system is relatively
large when compared to the Ge-Sb-Te one as shown in figures 1-1b and 1-1d. Potential
application of Ga-Sb-Se amorphous thin films in the field of nonlinear optics should be also
considered. Finally, this system may be also interesting for luminescence studies due to the
good solubility of rare-earth elements in gallium-containing chalcogenide glasses/films.
However, the photo-sensitivity of Ga-Sh-Se glasses/thin films has not been investigated
until now.

The last system investigated in the frame of this thesis is Ge-Sb-Se-Te quaternary with Te
content of 10 and 15 atomic percent. It has been shown by Sharma et al. that the substitution of
selenium by tellurium leads to the increase in (non)linear refractive index making these
chalcogenide glasses potential candidates for integrated optics, ultrahigh-bandwidth signal
processing and infrared optical sensor applications [14]. High selenium concentration in Ge-
Sb-Se-Te quaternary alloys is expected to increase the glass-forming domain as can be deduced
from Ge-Se-Te ternary (fig. 1-1c).
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2. Composition, optical properties and quality of co-sputtered and
sputtered films

Optical properties of co-sputtered Ge-Sh-Se, Ga-Sh-Se and sputtered Ge-Sh-Se-Te thin
films in the wavelength region of 300-2300 nm were investigated using variable angle
spectroscopic ellipsometry (VASE, J. A. Woollam Co., Inc., Lincoln, NE, USA). For Ge-Sh-
Se and Ga-Sh-Se thin films deposited on BK7 substrates, the data were collected at the angles
of incidence of 50, 60 and 70° with 10 nm step. Three-layer model, consisting of substrate,
actual thin film and simulated surface roughness (effective medium approximation consisting
of 50 % of voids and 50 % of optical constants of film layer), was used for the determination
of optical properties (i.e. optical bandgap and refractive index) and thickness. Imaginary part
of dielectric function was fitted using Cody-Lorentz oscillator model. The data were fitted using
WASE32 software.

Higher values of mean-squared error might be caused by the depolarization of light due to
the reflection from the substrate (backside reflection). Such an effect may result in ~ 6 - 9 % of
the incident light depolarization at the angle of incidence 70°. In the further research, the scotch
tape was used to minimize the backside reflection effect. Using the scotch tape, which has
similar value of refractive index as the substrate (however causes the scattering of the incident
light), the depolarization of light coming from substrate backside reflection was minimized.
Thus, the depolarization of light in the further measurements was mostly generated solely by
the surface roughness. It should be noted, that the WASE32 software enables to adapt the data
to the backside reflection effect. However, in this case, the backside reflection is not high
enough to enable to fix this problem in this way. For the convenience the optical energy
bandgap determined by VASE via CL model is referred to as ES".

Furthermore, optical bandgap was also determined from transmission-reflectance
measurements in the range of 350-2500 nm employing Lambda 1050 spectrophotometer
(Perkin-Elmer Inc., Waltham, MA, USA) or transmission measurements in the range of 180-
3300 nm using spectrophotometer UV-3600 Plus (Shimadzu Co., Kyoto, Japan). Additionally

to VASE, optical bandgap energy Egpt(hereinaﬂer referred to as E;) was obtained following

Tauc approach [15] from energy dependence of (a/i)'? by an extrapolation the linear part of
the absorption edge curve found in the high absorption region (0¢=10* cm™).

Generally, there is a good agreement between the values of ES* and EJ, though the former
is usually little bit higher. This can be reasonably explained when one compares the
methodology of determination of optical bandgap values by these two methods [4].
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2.1. Co-sputtered Ge-Sb-Se thin films

For the investigation of optical properties of thin films from Ge-Sb-Se system, co-
sputtering of pseudo-binary systems of GeSe;-SbhoSes, GeSez-GezgSbi2Seso, ShoSes-
Ge2sSh12Seso and GeSes-ShoSes were examined. Three commercial targets with following
composition were selected: polycrystalline GeSe> (American Elements Corp., Los Angeles,
CA, USA), polycrystalline Sh.Sez (American Elements Corp., Los Angeles, CA, USA), glassy
GesShioSeso (Vitron GmbH., Jena, Germany). GeSes target was prepared by conventional
melt-quenching technique. X-ray diffraction of bulky GeSes taken in the range of 26 from 5 to
90° (with 0.026° step) indicates that the melt-quenched target is amorphous (fig. 2-1). The
composition according EDS measurements is Gez1.1Se7go (+ 1 at. %). The density measured at
the room temperature (20 °C) was found to be 4.28 g.cm™. Finally, Ty was found to be 180 °C
(at heating rate of 10 °C.min™) according the DSC measurements.

400
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Fig. 2-1 XRD pattern of GeSes bulk sample — raw data.

The sputtering depositions were performed at room temperature using MPE600 multi-
chamber deposition system (Plassys-Bestek, Marolles-en-Hurepoix, France) with
symmetrically arranged confocal deposition cluster consisting of three cathodes. The
experimental conditions were held constant throughout all the depositions: background pressure
<5 x 107" mbar, Ar working pressure 5 x 10~ mbar, Ar flow rate 75 sscm, with substrate holder
rotation.

For the co-sputtering depositions from GeSe,, Sh>Ses and Ge2sShi12Seso targets, the
electrical power on cathodes was chosen so the P(Cx)+P(Cy) was always equal to 20 W. For the
further investigation of GeSes-Sh.Ses the maximum electrical power on GeSes target was set
to 12 W to minimize the damage of fragile target due to the erosion.

The depositions’ details (electrical power on individual cathodes, deposition times)
together with thicknesses, calculated deposition rates and measured chemical composition data
are listed in tables 2-1 and 2-2. It should be noted that the morphology and the chemical
composition was studied by scanning electron microscopy (SEM) with an energy-dispersive X-
ray analyser (EDS, JSM 6400-OXFORD Link INCA, JEOL Ltd., Tokyo, Japan). For the
evaluation of the chemical composition via EDS, L-lines were selected for all the constituting
elements. Accelerating voltage used for SEM-EDS measurements was 10 kV.
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As seen from Table 2-1 and 2-2, chemical composition of sputtered films obtained from
GeSe,, GeSes, ShoSez and Ge2sSh12Seso was found to be close to the composition of targets in
frame of EDS measurements uncertainty. It is worth to mention that the electrical power of 5
W on the cathode with GeSe, (sample Nr. 2) does not allow the detection of germanium by
EDS. This indicates that the content of germanium is probably below the threshold limit of this
technique. Even for the long experiment with deposition duration of 200 minutes resulting in
the film with thickness of 1,110 nm (not shown in the table) the germanium was absent
according EDS. It can be explained by the fact that the deposition rate at 5 W applied on the
cathode with GeSe is only ~0.6 nm.min compared to Sh,Ses at 15 W (6.2 nm.mint) as found
from 240 minutes long deposition. The average deposition rate at applied power of 10 W (15
W) is ~1.9 (3.7) nm.min’, ~3.0 (6.2) nm.min and ~2.4 (4.8) nm.min! for GeSez, Sh,Ses, and
GezsShi2Seso. For GeSes, the average deposition rate at 10 W is ~2.0 nm.min™.

Table 2-1 The summary of deposition parameters of selected co-sputtered Ge-Sh-Se thin films
from GeSe;, ShoSes and GezsSh12Seso targets with their thicknesses determined from VASE (+
2 nm), deposition rate and chemical compositions (= 1 at. %) evaluated by EDS.

NF Power (W) Duration  Thickness  Deposition rate  Composition
GeSe; szSEs GngSblstGO (min) (n m) (nm-min'l) (at. %)
1 - 15 - 120 740 6.2 Sbsg4Seco6
2 5 15 = 150 950 6.3 Shsg.0S€60.1
3 7 13 - 150 890 6.0 Ges0ShazaSes1 6
4 9 11 = 150 810 5.4 Geg5Shys 7Ses1 3
5 10 10 - 150 830 5.5 Ge123Sh24.8Ses2.9
6 11 9 - 150 750 5.0 Ge16.4Sb19.4S€64.2
7 13 7 - 150 650 4.3 Ge23.4Sb115S€65.1
8 15 5 - 150 670 4.5 Ge27.7Shs 9Segs 4
9 15 - - 120 440 3.6 Ges.1See7.9
10 15 = 5 150 710 4.6 Ges25Sb12Sess 3
11 10 - 10 150 700 4.7 Ges0.6Shs.7Ses2.7
12 5 - 15 150 720 4.8 Ge27.3Sb12.3Se60.4
13 - 15 120 570 4.8 Ge27.7Sb12.3S€60.0
14 - 5 15 150 830 5.5 Ge23.3Sh16.0Ses0.7
15 - 10 10 150 880 5.9 Ge11.2Sh2s 4Ses0.4
16 = 15 5 150 1070 7.1 Ges.0Shss.3S€60.7

Despite relatively different deposition rates, the real chemical compositions of films
deposited at 10/10 W were found to be close to its theoretical pseudo-binary counterparts
(Cx)s50(Cy)s0. The real chemical composition of co-sputtered GeSe2/Sh,Ses 10/10 W (sample Nr.
5 in Table 1) was found to be very close to an expected (GeSez)so(Sh2Ses)so, i.e. real
composition Gei123ShasgSes29 against theoretical Gei2s5SbosSesos. It is the case also for
GeSes/ShoSez 10/10 W (sample Nr. 22 listed in table 2) where the real composition is
Ge7.4ShasSegs1 against theoretical Gez.sSbhzsoSesrs in (GeSes)so(Sh2Ses)so pseudo-binary.
Similarly, in sample Nr. 11 in table 1 at 10/10 W deposited from GeSe./GezsSe12Seso, the real
composition is Gezo.sShe.7Ses2.7 against Gezo.7She.oSess 3. Finally, film deposited at the 10/10 W
from Sb>Ses/GexsShi2Seso with composition Gei12ShzgaSesos (Sample Nr. 15 in table 1)
contains a small deficit of antimony when compared to its theoretical pseudo-binary counterpart
(Sb2Ses)s0(Ge2sSh12Seso)s0 having composition GeiosSbzesSeso.0. This shows only very small
limitation of predictive approach of co-sputtered film composition. Thus, the perfect knowledge
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of deposition rate of individual targets, plasma characteristics, density and molecular weight of
targets and films is necessary for predicting the chemical composition of co-sputtered films.
However, the selenium content in the films is well maintained at given electrical power and
argon working pressure [4].

Table 2-2 The summary of deposition parameters of selected co-sputtered Ge-Sh-Se thin films
from GeSes and ShySes targets with their thicknesses determined from VASE (+ 2 nm),
deposition rate and chemical compositions (£ 1 at. %) evaluated by EDS.

NF Power (W) Duration  Thickness  Deposition rate  Composition

GeSes Sb,Se;  (min) (nm) (nm-min?) (at. %)

17 10 - 360 710 2.0 G619.58680.4

18 12 5 180 740 4.1 Ge14,0Shs 7Ses03
19 10 5 210 690 3.3 Ge127Sbi0s5Sers s
20 10 6 180 650 3.6 Ge10.9Sh139Sers2
21 10 8 150 690 4.6 GEQ,oszo_stw_s
22 10 10 150 820 55 Ge7,4Sb24,58968,1
23 8 10 150 720 4.8 Ges.7Shog 8Sess.5
24 6 10 180 720 4.0 Ge2.9Shss 1Ses2.0

For clarity, chemical composition of co-sputtered Ge-Sb-Se thin films is also shown in the
ternary diagram (fig. 2-2).

Fig. 2-2 Ternary Ge-Sb-Se diagram with indicated positions of co-sputtered thin films’
composition (red points), targets’ composition (black points), and glass-forming region (black
curves).

Co-sputtered Ge-Sb-Se thin films were found to be of a good quality according SEM and
AFM measurements. The amorphous state was confirmed by XRD (fig. 2-3). SEM micrographs
of the surface have shown a good smoothness of fabricated co-sputtered thin films. Surface
micrographs are shown in the figure 2-4. Furthermore, the cross-section micrographs (fig. 2-5)
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have shown that the films are homogenous without any pores or cracks. Only a minimal
columnar structure may be observed in fig. 2-5 (d).
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Fig. 2-3 XRD patterns of selected Ge-Sb-Se samples — raw data taken in the range of 26 from
5 to 90° (with 0.026° step).

Fig. 2-4 SEM micrographs of the surface of Ge-Sh-Se co-sputtered films, (a) GeSe2/ShSes
10/10 W, (b) GeSe2/Ge2sShi12Seso 10/10 W, () ShoSes/Ge2sShi2Seso 10/10 W, (d) GeSes/ShaSes
10/10 W.
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= (b) |

Fig. 2-5 Cross-section SEM micrographs of Ge-Sh-Se co-sputtered films, (a) GeSe2/Sh,Ses
10/10 W, (b) GeSe2/Ge2sSh12Seso 10/10 W, () Sh2oSes/GezsShi2Seso 10/10 W, (d) GeSes/ShoSes
10/10 W.

AFM measurements were performed within thin films deposited on the single crystalline
silicon <100>. The rows were aligned using 2" degree polynomial function. Surface
topography of thin films is dependent on the target used for the deposition as seen in the figure
2-6. Root mean square roughness (Sq) values of co-sputtered films from GeSe,, Sh>Sez and
Ge2sSh12Seso (samples Nr. 1 to Nr. 16) with the thickness range of ~440-1070 nm are typically
~0.4 = 0.2 nm. However, the differences in topography were found for the particular targets.
Grainier surface is observed for Ge2sShi12Seso target (fig. 2-6¢). Moreover, high values of Sq
were found for GeSes sputtered film (fig. 2-6d). On the other hand, single cathode sputtered
films of ShoSes and GeSe> have very smooth surface (fig. 2-6a,b) confirmed by low values of
Sq. During the co-sputtering with Sb>Ses target, the roughness significantly decreases resulting
in Sq values of about 0.2 nm.
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Fig. 2-6 AFM images of sputtered and co-sputtered films with indicated root-mean squared
roughness (Sq); (a) GeSe> 10 W, (b) Sb2Ses 10 W, (c) Ge2sSb12Seso 10 W, (d) GeSes 10 W, (e)
GeSe,/Sh,Ses 10/10 W, (f) GeSe2/GezsShi2Seso 10/10 W, (g) Sh2Ses/GezsShi2Seso 10/10 W, (h)
GeSes/Sh,Sez 10/10 W; values of z axis are in nanometres.

VASE data analysis results for co-sputtered Ge-Sh-Se thin films are summarized in the
table 2-3. Due to the backside reflection resulting in high MSE values, some samples were fitted
using the data collected only at the angles of incidence 50 and 60°. The backside reflection
increases with increasing angle of incidence, so the data collected at 70° were excluded from
the fit of those samples. MSE values of VASE data fits are lower than 6 (table 2-3), which can
be considered as a good fit taking into account the thickness of films. For co-sputtered films
Nr. 8, 11 and 24 is the value of MSE even below 2 confirming the suitability of CL model for
the ellipsometry data fitting.
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Table 2-3 The summary of selected co-sputtered Ge-Sb-Se thin films from GeSez, GeSey,
Sh,Ses and GezsSh12Seso targets with their chemical compositions (+ 1 at. %) evaluated by EDS,
mean-squared error (MSE) values of VASE data fits, optical bandgap energy EgL (+0.02 eV),
refractive index at 1.55 um (x 0.01), values of parameter E, (Urbach energy, + 10 meV)
determined from VASE and optical bandgap energy determined from Tauc plots Ej (+ 0.02
eVv).

NF Cogso;:)';lon MSE Ef,L (&V) n C@:lpil.55 (mEeuV ) Eg(eV)
1 Sbss4Sesos 5.45 1.34 3.34 55 1.39
2 SbaooSeso.1 4.98 1.37 3.33 59 1.39
3 GesoShszaSesis 5.15* 1.45 3.07 95 1.52
4 GegsShyg7Sesis 5.69* 1.55 2.92 111 1.64
5  Ge123ShssSes2.9 4.57* 1.65 2.80 98 1.68
6  Geis.sShioaSess2 3.45* 1.73 2.69 146 1.78
7 Ge.4Sbi1sSess: 4.25* 1.85 2.52 154 1.95
8  Ge27.7Shs9Sess.4 1.93* 1.93 2.45 183 2.03
9  Gesi1Sesro 5.19 2.09 2.38 87 2.11
10 Ges5Sh1,Sesss 4.13* 2.01 2.37 86 2.08
11 GesosSbe.7Ses2.7 1.75* 1.93 2.48 113 1.94
12 Ge27.3Sbi123Ses0.4 3.14* 1.70 2.64 122 175
13 Gez7.7Sb12.3Ses0.0 3.33 1.68 2.66 98 L7
14  Ges3SbisoSeso7 4.45* 1.67 2.67 92 1.75
15 Gei112Sh2s4Seso.4 4.62 1.55 2.93 89 1.63
16 GesoShsssSeso.7 g 1.40 3.20 65 1.45
17 GeigsSesoas 2.36 1.97 2.44 111 1.99
18  Ge1s.0Sbs.7Seso.s 2.31 1.87 2.56 91 1.88
19 Ge127ShiosSess 2.66 1.82 2.59 121 1.83
20  Ge1o.9Shi39Sers.2 231 177 2.66 118 1.80
21 GegoShao2Sezs 2.35 1.68 2.76 74 1.69
22 Ge74Sh2ssSess1 2:22 1.61 2.86 92 1.61
23 Ges7ShassSegs s 2.81 1.55 2.95 84 1.54
24 Ge9Shas1Ses20 1.86 1.47 3.12 86 1.46

* Angle of incidence of 70° excluded from the fit.

The study of optical properties, by means of optical bandgap values, of single cathode
depositions from targets of GeSez, Sb,Ses, Ge12Sh2sSeso and GeSes showed a good agreement
with the literature. Optical bandgap of sputtered Sh.Sez determined by VASE was found to be
1.34 +£ 0.02 eV (Eg = 1.39 = 0.02 eV), which is close to the value of 1.39 = 0.02 eV for
evaporated Sh,Ses films reported by Chen et al. determined by ellipsometry [16]. For GeSe>
film, ES" having the value of 2.09 + 0.02 eV (Ej =2.11+0.02 eV) is close to the data published
by various authors. For evaporated thin films, the value of optical bandgap of 2.06 eV
determined from Tauc plot was reported by Tichy et al. [17]. Using the same approach, Chen
et al. [18] reported the value of 2.04 eV. Somewhat lower value of Tauc bandgap for pulsed-
laser deposited films having the value of 1.95 eV + 0.01 eV was found by Pan et al. [19]. ES*and
E; for sputtered GezsShi2Seeo films were found to be 1.68 + 0.02 eV and 1.77 + 0.02 eV
respectively. These values are in a good agreement with data reported for sputtered films by
Balan et al., where Ej is ~ 1.65 eV [20]. Finally, optical bandgap ES" of sputtered GeSes was
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found to be 1.97 eV + 0.02 eV (E;j = 199 + 0.02 eV) being only slightly
higher than the value of pulsed-laser deposited GeSes (Ej =1.92 + 0.01 eV) reported by Pan et
al. [19].

The minimum value of parameter Ey was found in the sample Nr. 1 (Sb2Sez). For the
samples Nr. 9 (GeSez) and Nr. 17 (GeSes) are Eu values of 87 and 111 meV, respectively. These
are much higher than those found by Oheda [21] who referred the values of Urbach slope in
~100 to 200 um thick bulk samples of GexSe1-x System of about ~73 and ~74 meV for GeSe>
and GeSe4 respectively. This can be probably explained by potential higher degree of disorder
in thin films when compared to bulk glasses. For co-sputtered Ge-Sb-Se thin films, no direct
relationship between electrical power on individual cathodes can be concluded. However, the
high antimony content in films seems to result in the ‘sharpening’ of the absorption edge.

The band structure of ternary glasses is not precisely known and its preparation-
dependency plays a significant role in the optical properties. However, the general trends can
be predicted from the normal bonding structure of Ge-Sbh-Se system [4]. Electronic structure of
amorphous and crystalline GeSe; via density functional theory (DFT) of valence band (VB)
and conduction band (CB) density of states (DOS) was reported by Hachiya [22]. According to
Carey et al. [23], the VB in Sb2Ses comprises of Sb 5 s/p with a contribution from Se 4p states
as determined by DOS. Furthermore, Sati et al. [24] published the XPS data for valence bands
in GesoxShxSeso (X = 8, 10) glasses. The peaks at the very top of VB (valence band maxima —
VBM) are ascribed to lone-pair electron states in selenium and Sb 5p bonding electrons in Sh—
Sb bonds. Another contributions found at the VBM are coming from Ge 4p states participating
in Ge—Ge bonds and Se 4p states [24]. Similar behaviour was found in Ge-Sb-S glasses where
the VBM in XPS spectra comprises of Ge 4p, S 3p and S lone-pair states [25]. From the
comparison of XPS spectra of valence band in Ges>ShsSeso and Ge20Sh20Seso glasses, slight
shift in the binding energy may be observed [24]. Thus, the reduction in the bandgap energy in
Ge-Sh-Se system when increasing antimony content may be ascribed to the Sb 5p bonding
electrons contributing to VBM [4]. Red-shift in the fundamental short-wavelength absorption
edge with increasing antimony content in co-sputtered GeSez-ShzSes (E5"“= 2.09-1.34 eV),
GeSez-GezsShi2Seso (EgCL: 2.09-1.68 eV) and ShzSes-Ge2sSh12Seso (EgL: 1.34-1.68 V) films
is shown in the figure 2-7. Qualitatively similar red-shift is found also in co-sputtered GeSes-
Sh,Ses (ES"=1.97-1.34 eV) thin films (fig. 2-8).
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Fig. 2-7 Fundamental short-wavelength absorption edge of co-sputtered GeSe,-Sh,Ses, GeSe»-
Ge2sSh12Seso and ShoSes-GezsShi2Sego films and films sputtered from individual targets.
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Fig. 2-8 Fundamental short-wavelength absorption edge of GeSes-Sh,Ses co-sputtered films.

Values of optical bandgap energy ES" and refractive index at 1.55 pm are plotted in the
ternary contour diagrams shown in the figure 2-9. The black dots correspond to the data points
of each selenide thin films and the colored surfaces correspond to an interpolation between the
data points. As seen, optical properties of co-sputtered films can be gradually tailored in terms
of optical bandgap and refractive index. Furthermore, wide range of bandgap and refractive
index is obtained by simple variation of electrical power on individual cathodes by co-
sputtering technique. Values of ES* and refractive index at 1.55 pm are found to cover the range
between extreme values representing the individual targets — i.e. 2.09 eV (n = 2.38) for GeSey,
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1.97 eV (n = 2.44) for GeSes, 1.68 eV for Ge2sSh12Seso (N = 2.66) and 1.34 eV for Sh2Ses (n =
3.34).

E [eV] 50, 5, n@1.55 um
2.10 3.40

1.99 3.24
1.87 3.09
1.76
1.64
1.53

1.41

¥ i \ o M 4 5 100, ¥, i > >0
0 25 Sb,Se, 50 0 25 Sb,Se, 50
Sb Sb

Fig. 2-9 Ternary contour diagrams showing the variation of optical bandgap energy (a) and
refractive index (b) at 1.55 um throughout the composition of Ge-Sb-Se co-sputtered thin films.

2.2. Co-sputtered Ga-Sb-Se thin films

Co-sputtered thin films from the system Ga-Sh-Se were deposited using polycrystalline
targets of Ga>Sez and Sh,Ses. The deposition rate of Ga;Ses was found to be only around 0.8
and 1.8 nm-min at 10 and 15 W, respectively. Recalling estimated deposition rates for Sh,Ses,
i.e. ~3.0 and 6.2 nm-min for 10 and 15 W, respectively, it is obvious that no composition equal
to the composition of pseudo-binary (GazSes)so(Sh2Ses)so (i.e. GazoSh20Seso) can be achieved.
The depositions were carried out in order to achieve acceptable thickness (at least 500 nm);
however, due to the large difference in the deposition rate of the two targets and low deposition
rate for GaxSes, it was not possible to use P(Cx)+P(Cy) always equal to 20 W as for co-sputtered
Ge-Sh-Se films. An overview of the deposition parameters used for fabrication of Ga-Sb-Se
thin films via co-sputtering is summarized in the table 2-4. The morphology and the chemical
composition was studied by SEM-EDS (TESCAN 5130SB, TESCAN, Brno, Czech Republic).
Accelerating voltage used for SEM-EDS measurements was 10 kV.

Table 2-4 The summary of deposition parameters of selected co-sputtered Ga-Sh-Se thin films
from GaxSes and Sh»Ses targets with their thicknesses determined from VASE (+ 2 nm),
deposition rate and chemical compositions (£ 1 at. %) evaluated by EDS.

Power (W) Duration Thickness  Deposition rate  Composition
Ga,Se;  Sh,Ses (min) (nm) (nm-min‘l) (at. %)

1 20 0 300 790 2.6 Ga37,68e62,4

2 25 5 180 610 3.4 Gasz1.7Shs 2Ses3.1
3 20 5 240 700 2.9 Gaz0.3Shs.9Ses2.8
4 20 8 210 790 3.7 Gaig 2Sh17.5S€63.3
5 20 10 120 560 4.7 Gae.7Sh21.7S€61.6
6 20 12 120 670 5.6 Gauz 6Sh24.7S€61.7
7 20 15 90 620 6.9 Gai10.9Sh27.6Ses15
8 15 15 120 730 6.1 Gaz.6Sha12Ses:.2
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It should be noted that only very few reports about Ga-Sh-Se system has been published.

One of the reasons may be the fact that this system exhibits limited glass-forming ability (fig.

2-10). Figure 2-10 also shows the chemical composition of Ga-Sb-Se co-sputtered thin films in

ternary diagram. Based on above mentioned facts, it is evident that co-sputtering is an efficient

deposition method to fabricate amorphous thin films whose composition is out of glass-forming
region of the system under study.

50

50

6o 1. 9J0 3 4
Sb
Fig. 2-10 Ternary Ga-Sbh-Se diagram with indicated positions of co-sputtered thin films’
composition (red points), targets’ composition (black points) and glass-forming region (black
curve).

250

Amorphous state of the prepared Ga-Sb-Se thin films was confirmed by measured XRD
data (fig. 2-11). SEM micrographs of the surface confirmed a good quality of co-sputtered Ga-
Sb-Se thin films as shown in the figure 2-12.
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Fig. 2-11 XRD patterns of selected Ga-Sh-Se thin films — raw data taken in the range of 26
from 5 to 90° (with 0.026° step).
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Fig. 2-12 SEM micrographs of the surface of sputtered GazSes film and Ga-Sb-Se co-sputtered
films, (a) GaxSes 20 W, (b) GaxSes/Sh.Sez 20/15 W, (c) GarSes/Sh.Ses 20/15 W, (d)
GaySes/ShySes 15/15 W.

Furthermore, AFM images (fig. 2-13) have shown that the film deposited from Ga;Ses
target only contains particles ranging in the size between 35-60 nm (fig. 2-13a). Presence of
these particles results in the high Sq value of 3.0 nm. Moreover, AFM scans performed on the
area of 1x1 um (fig. 2-13e) showed no deviation in topography (and RMS roughness) when
compared with the other films when Sb2Ses target is used for co-sputtering. For further
depositions above mentioned particles were not observed and the values of RMS roughness
were ~0.2 = 0.1 nm for Ga-Sb-Se film thickness of about 600-800 nm. Similarly, as in the case
of Ge-Sb-Se co-sputtered films, Sh,Ses cathode decreases the roughness significantly when
used.
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Fig. 2-13 AFM images of sputtered Ga>Ses and co-sputtered Ga-Sb-Se films with indicated
root-mean squared roughness (Sq); (a) Ga2Ses 20 W, 5x5 um, (b) Ga>Ses/Sh,Ses 20/10 W, 5x5
um, (€) GarSes/ShySes 20/15 W, 5x5 um, (d) GaxSes/ShoSes 15/15 W, 5x5 um, (e) Ga.Sez 20
W, 1x1 um, (f) Ga:Ses/ShySez 20/10 W, 1x1 um, (g) Ga:Ses/ShoSez 20/15, W 1x1 um, (h)
GazSes/ShoSes 15/15 W, 1x1 um; values of z axis are in nanometres.

Table 2-5 The summary of selected co-sputtered Ga-Sh-Se thin films from GazSes and Sh,Ses
targets with their chemical compositions (+ 1 at. %) evaluated by EDS, mean-squared error
(MSE) values of VASE data fits, optical bandgap energy EgCL (£ 0.02 eV), refractive index at
1.55 um (£ 0.01), values of parameter E, (Urbach energy, + 20 meV) determined from VASE
and optical bandgap energy determined from Tauc plots E] (+ 0.02 eV).

Composition n @1.55 Eu

Nr (at. %) MSE  ESi(ev) um (meV) E7(eV)
1 GaseSesrs 1.23 1.92 2.47 160 2.02

2  Gaz7Sbs,Sess:  1.25 1.80 2.59 140 1.83

3 GazsSbsoSesrs 0.98 1.74 2.62 120 1.79

4  Gaug,Sbi7sSesss 1.47 1.65 2.80 90 1.65

5 Gaw7SbasSeers 1.47 1.58 2.87 96 161

6  GaiseSbasSesr7 1.11 1.56 2.94 85 1.60

7  GawoShr7eSeqs 0.95 1.53 3.02 79 1.57

8 GareShsiSeq, 1.11 1.48 3.11 76 1.53

VASE data analysis results for co-sputtered Ga-Sh-Se thin films are summarized in the
table 2-5. Data were fitted using the data measured at angles of incidence of 50, 60 and 70°.
Fitting of the ellipsometry data using CL model seems to be suitable for these films since the
MSE values are pretty low, not exceeding 1.5.

The value of optical bandgap energy EgT of GaSes film is in a good agreement with the
literature. Afifi et al. [26] reported the value of 2.06 eV for evaporated Ga>Sesz using Tauc
extrapolation (Eg extracted from ellipsometry data). As expected, the increase of antimony
content shifts the fundamental short-wavelength absorption edge towards the lower energies.
Furthermore, as seen from the table 2-5, the value of Ey corresponding to Urbach energy
decreases from 160 + 20 meV in GaxSes film down to 76 £ 20 meV in GazeShsi2Ses: 2.
Therefore, it can be concluded that the values of E, parameter decrease with increasing
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antimony content. Such ‘sharpening’ of absorption edge is also demonstrated in the figure 2-14
via change in the slope of the absorption coefficient curves. This may indicate that the
introduction of three-fold coordinated antimony induces the higher order in disordered films,
possibly reducing the number of homopolar bonds such as Se-Se, Ga—Ga and selenium chains.
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Fig. 2-14 Fundamental short-wavelength absorption edge of Ga-Sbh-Se co-sputtered films.

2.3. Sputtered Ge-Sb-Se-Te thin films

Thin amorphous Ge-Sh-Se-Te films were sputtered using the targets with the composition
based on the Ge-Sh-Se glass previously described as 251G-Se4 by Olivier et al. corresponding
to (GeSe2)70(Sb2Ses)s0 pseudo-binary (GeigaShie7Sesso) [8]. This particular composition was
selected due to its suitability for nonlinear photonics devices applications [27]. Due to its good
transparency in mid-IR region relative to sulphides, this composition is also suitable for the
mid-IR sensors for the sea water pollution detection [28, 29]. In order to increase the refractive
index, selenium was partially altered by tellurium in the amount of 10 and 15 atomic percent.
Thus, these compositions will be referred to as 251G-Se4-Tel0 afterwards. Sputtering targets
were prepared by conventional melt-quenching technique. X-ray diffraction patterns of bulky
Ge-Sb-Se-Te taken in the range of 26 from 5 to 90° (with 0.026° step) indicate that the melt-
quenched targets are predominantly amorphous (fig. 2-15). The values of Ty for these
compositions were found to be 244 and 231 °C (at heating rate of 10 °C.min*) respectively,
according the DSC measurements. The decrease of Tq with increasing tellurium content is in a
good agreement with recently published data for Tb** doped GasGez0Sh1oSess-«Tex bulk glasses
[30].
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Fig. 2-15 XRD patterns of 251G-Se4-Tel0 and 251G-Se-Tel5 bulk samples — raw data taken
in the range of 26 from 5 to 90° (with 0.026° step).

Thin films were deposited at the constant deposition duration of 60 minutes. The electrical
power on cathode was set to 10 and 15 W respectively. Furthermore, the argon pressure
controlled by argon flow was set on 5 x 10 mbar and 10x10° mbar to assess the influence of
argon pressure on the characteristics of the sputtered films. All the depositions’ parameters are
summarized in table 2-6. Samples exploiting 251G-Se4-Tel0 target are marked as Nr. 1 — 4
and thin films fabricated using 2S1G-Se-Tel5 target as Nr. 5 — 8. The deposition rate is
significantly higher when compared to co-sputtering technique (table 2-1, 2-2, 2-4). This can
be explained by the differences in the geometry of these two techniques and also of the two
sputtering machines. In the sputtering technique used for the deposition of Ge-Sh-Se-Te thin
films, the substrate rotating around its own axis is much closer to the target during the
sputtering. While there is only negligible influence of argon pressure on the deposition rate, the
electrical power increment by 5 W almost doubles this parameter — roughly from ~11 to ~21
nm.mint and from ~13 to ~21 nm.min* for 251G-Se4-Tel0 and 251G-Se4-Tel0 respectively.
By means of stoichiometry determined by EDS, all the samples contain lower tellurium content
than expected. However, the loss of tellurium is probably coming from the synthesis process
according the EDS measurements performed on bulk material. For the EDS, the JEOL JED-
2300 analysis station was used (L-lines for all the elements). Accelerating voltage used for
SEM-EDS measurements was 10 kV.

X-ray diffraction patterns of sputtered Ge-Sbh-Se-Te films confirmed that fabricated films
are amorphous (fig. 2-16).
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Fig. 2-16 XRD patterns of selected Ge-Sh-Se-Te samples — raw data taken in the range of 26
from 5 to 90° (with 0.026° step).

Table 2-6 The summary of deposition parameters of sputtered Ge-Sb-Se-Te thin films with
their thicknesses determined from VASE (£ 2 nm), deposition rate and chemical compositions
(£ 1 at. %) evaluated by EDS.

Nr Power Argon Thickness Deposition rate Composition
(W)  pressure (x10° mbar) (nm) (nm*min‘?) (at. %)

1 10 5 690 11.4 Ge225Sh128Sess2Tes 5
2 15 5 1270 21.1 Ge222Shis 2Sess 2 Tera
3 10 10 690 115 Ge239Sh146SessoTess
4 15 10 1290 21.6 Ge226Sh14.1Ses6.7T€66
5 10 5 790 13.2 Ge23.6Sh150Seso9Te105
6 15 5 1460 24.3 Ge235Sh17.6S€47.4T€1LS
7 10 10 810 13.6 Ge237Sb1s6SesogTe108
8 15 10 1470 245 Ge209Sh17.2Se495T€124

The surface topography of Ge-Sb-Se-Te films is depicted in figures 2-17 and 2-18 for
251G-Se4-Tel0 and 2S1G-Se-Tel5 respectively. In the case of 2S1G-Se4-TelO sputtered
films, the surface topography does not seem to be affected significantly by the change of the
argon pressure nor by electrical power. The RMS roughness of these films measured on 5 x 5
um area is slightly higher at the argon pressure of 5 x 10 mbar (fig. 2-17a,b) — roughly ~0.3
nm at 5 x 10" mbar and ~0.15 nm at 10 x 10 mbar.
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Sqg: 0.36 nm

S

| Sq:0.10nm 500 nm

Fig. 2-17 AFM images of sputtered 2S1G-Se4-Tel0 films with indicated root-mean squared
roughness (Sq); (&) Nr. 1, 5x5 um, (b) Nr. 2, 5x5 um, (c) Nr. 3, 5x5 um, (d) Nr. 4, 5x5 pum,
() Nr. 1, 1x1 pm, (f) Nr. 2, 1x1 um, (g) Nr. 3, 1x1 pm, (h) Nr. 4, 1x1 um; values of z axis are
in nanometres.

Sputtered films of 2S1G-Se4-Tel5 exhibit rather different topography when compared to
those deposited from 2S1G-Se4-Tel0 target. The RMS roughness values are around Sq = 0.3
+ 0.1 nm for samples Nr. 5 — 7, and 0.5 = 0.1 nm for sample number 8 when measured at 5x5
um area. However, the surface topography was found to be grainier relative to films deposited
from 2S1G-Se4-TelO target.

Sq: 0.35 nm ; ’ $q: 0.26 nm Sq: 0.30,am

Sqg: 0.22 nm,_ 500 nm

Sq: 0..17 nm 500 nm $q:0.11 nm
“ - . -

Fig. 2-18 AFM images of sputtered 2S1G-Se4-Tel5 films with indicated root-mean squared
roughness (Sq); (a) Nr. 5, 5x5 um, (b) Nr. 6, 5x5 um, (C) Nr. 7, 5x5 pm, (d) Nr. 8, 5x5 um,
() Nr. 5, 1x1 um, (f) Nr. 6, 1x1 um, (g) Nr. 7, 1x1 pm, (h) Nr. 8, 1x1 um; values of z axis are
in nanometers.
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Optical properties of Ge-Sb-Se-Te thin films are summarized in table 2-7. Increase of argon
pressure during the deposition process seems to affect the optical properties represented by
optical bandgap energy (ES*) and refractive index obtained from VASE measurements. The
MSE values of about ~1 confirm a good fit of the measured data by CL model. Considering the
accuracy of the VASE measurements being + 0.02 for ES" and + 0.01 for n, the most important
changes were observed for the films deposited from 2S1G-Se4-Tel0 target. With an increased
argon pressure from 5x107° mbar to 10x10° mbar, the optical bandgap decreased by
approximately ~0.1 eV. A considerable increase of refractive index connected with the increase
of argon pressure was also observed: ~0.1 for samples deposited at 10 W (sample Nr. 1 vs Nr.
3), and 0.07 for samples deposited at 15 W (sample Nr. 2 vs Nr. 4). In the case of samples
sputtered from 2S1G-Se4-Tel5 target, the observed changes are the opposite, i.e. the bandgap
energy was increased with increasing argon pressure accompanied with the decrease in
refractive index. It should be noted that in sputtered Ge-Sh-Se thin films, the drop of the
refractive index reflects morphology changes generated by increased argon pressure [31].

Table 2-7 The summary of deposition parameters of sputtered Ge-Sb-Se-Te thin films with
their chemical compositions (+ 1 at. %) evaluated by EDS, mean-squared error (MSE) values
of VASE data fits, optical bandgap energy ES" (+ 0.02 eV) and refractive index at 1.55 pm (+
0.01).

Power Argon Composition
Nr (W) pressure (x10° mbar) (at. %) MSE Eg’*(eV) N @1.55 pm
1 10 S Gez25Shi2sSesg2Tess  0.79 1.46 2.81
2 15 S Gez22Sb1s2Sess . Ters  0.99 1.46 2.84
3 10 10 GezsoShiaeSessoTess  1.11 1.34 291
4 15 10 Gezz6Shia1SeserTess  1.47 1.37 291
5 10 S Gez36SbisoSesooTeros  0.70 1.27 2.97
6 15 S GezssShi7eSesraTenns  0.90 1.26 3.00
7 10 10 Ges37SbissSesooTens 0.64 1.32 2.93
8 15 10 Gez09Sb172SesgsTe12s  1.05 1.28 2.94

Concluding remarks

Thin films of amorphous Ge-Sb-Se and Ga-Sh-Se fabricated by co-sputtering technique
were found to be of good optical quality with surface roughness (RMS) typically around ~0.3
+ 0.2 nm and ~0.2 + 0.1 nm respectively. The optical bandgap energies EgL range 1.35-2.09 eV
with corresponding refractive index ranging from 3.34 to 2.38 can be reliably covered in Ge-
Sb-Se ternary system, when targets with compositions of Sh2Ses (ES" = 1.35 eV), GeSe2 (ES"
=2.09 eV), GeSes (ES* = 1.97 eV) and GezsSh12Seso (ES" = 1.68 eV) are used (fig. 2-9). For
Ga-Sb-Se co-sputtered films, the range of ES* 1.35-1.92 eV and corresponding refractive index
range of 3.34-2.47 is also decently covered, though the deposition rate of Ga,Ses is significantly
lower than that of Sh,Ses. In both ternary systems, the introduction of heavy antimony atoms is
responsible for the decrease of optical bandgap energy accompanied with corresponding
increase of refractive index due to its high polarizability.

Sputtered Ge-Sb-Se-Te films, where the selenium is only partially altered by tellurium (10
and 15 at. %) relative to Se-rich Ge-Sb-Se films mentioned above, were also studied. Despite
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the fact that the surface roughness (RMS) of most of the prepared samples was only around
~0.3 = 0.1 nm, thin films with higher tellurium content seem to be much grainier by means of
topography. The studies of optical properties of sputtered films revealed expected drop of
optical bandgap energy accompanied by increase of refractive index relative to tellurium-free

Ge-Sb-Se films. The introduction of heavy tellurium provides the higher polarizability
increasing the refractive index.
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3. Nonlinear optical properties

The nonlinear refractive index n2 and 2PA coefficient /5 at the wavelength of 1.55 um were
calculated by Sheik-Bahae’s formulae [32] given in the first chapter (eq. 2-10 and 2-12
respectively). This approach was chosen for its relative simplicity when the linear refractive
index dispersion and the optical bandgap are used. The dispersion curves and optical bandgap
energies of thin films were obtained from the VASE data analysis. Taking in account the
uncertainty of VASE measurements together with the mean absolute deviation from the
Miller’s rule (eq. 3-1), considered accuracy of these calculations in about ~13 %. The figure of
merit (FOM), calculated by eq. 2-24 given in chapter one, was used for the assessment of the
applicability of prepared films in the field of nonlinear optics.

3.1. Nonlinear optical properties of Ge-Sb-Se thin films

Nonlinear refractive index (n2) at the 1.55 um depending on the optical bandgap for all Ge-
Sb-Se thin films prepared in this work are shown in the fig. 3-1. As seen, the values of n, cover
the range from 3.74 x 107 m?W-! for antimony-free GeSe; up to 2.27 x 101 m®wW for the
sample Nr. 3 (Ges.0Shss4Sees1.6). However, high value of n; in combination with low value of
optical bandgap leads to the high two-photon absorption (2PA) at desired wavelength as seen
in the figure 3-2. It should be noted that As.Ses thin film deposited under the same conditions
as all the other films (with electrical power applied of 10 W) is used as a reference. Calculated
value of n, for As;Ses is 9.03 x 10 m?W? at 1.55 um and is in a good agreement with value
of nonlinear refractive index reported by Quémard et al. (nz at 1.43 pmis 1 x 10 m?W?) and
also with value of n, reported by Dai et al. (nz at 1.55 um is 1 x 10" m?W?) for 1 mm bulk
glass discs [33, 34]. A good agreement with the value of n at 1.5 pm reported by Lenz et al.
was also found in case of Ge2sShi12Seso bulk glass. Reported experimental value is 11.31 x 107
18 m2W-1, which is close to the calculated value of 12.3 x 1018 m®W-! at this wavelength [35].
For GeSeq thin film (sample Nr. 17), the nz at 1.06 um was found to be 7.91 x 1078 m>W-L,
This value is somewhat lower than the one reported by Smektala et al. for 1 mm thick bulk glass
using the z-scan technique at 1.064 um being 13 x 107*® mW-1[36]. It should be noted that the
evolution of nz on optical bandgap energy clearly copies the shape of function Go.
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Fig. 3-1 Dependence of nonlinear refractive index at the telecommunication wavelength on
the optical bandgap of Ge-Sh-Se thin films.

The utmost value of 2PA coefficient /3 is found for thin film of Sb,Ses as seen in the figure
3-2. Moreover, for co-sputtered Ge-Sb-Se thin films /3 equals to zero for all the samples having
the optical bandgap energy (EgCL) higher than 1.61 found for the sample Nr. 22
(Ge7.4Shos5Sess.1). Corresponding linear refractive index (no) at 1.55 pum for this sample is 2.86.
The value of nonlinear refractive index of this sample n; at 1.55 um is 1.34 x 101" m?w,
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Fig. 3-2 Dependence of 2PA coefficient /5 at the telecommunication wavelength on the optical
bandgap of Ge-Sb-Se thin films.

As depicted in the figure 3-3, calculated data of nonlinear refractive index for co-sputtered
films are in a good agreement with data measured by Wang et al. who performed z-scan
measurements at 1.55 pm within Ge-Sb-Se bulk glasses of thickness of ~2 mm [37]. Similarly,
the values of ny are close to the data reported by Olivier et al. for bulk glasses of ~2 mm
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thickness measured by beam self-trapping technique at 1.55 um [8]. The data reported by
Kuriakose et al. for Ge-Sb-Se slab waveguides measured by the same technique at 1.55 pm
[27] give a little bit higher values of n,. Furthermore, calculated data given in figure 3-3 are in
a good agreement with semi-empirical Miller’s rule expressed as:

2 4

ng—1

(02) ZW_l
TLO

n, = 4.27 x 10720
Eq. 3-1

Ticha and Tichy [38] reported some values of n, for bulk Ge-Sh-Se glasses calculated by
generalized Miller rule corresponding to no at A—>oo. Their data in esu units were converted to
Sl units in figure 3-3 by simple relationship n,[SI] = (407 /(cngy ) - ny[esul.

Moreover, Dai et al. reported nonlinear refractive index z-scan measurements at
telecommunication wavelength for some 1 mm Ge-Sb-Se bulk glasses [33]. Despite small
differences in the composition, relatively good agreement was found for some comparable
samples. For example, for GezsSbioSess bulk glass which is close to the thin film Nr. 7
(Ge3.4Sb11.5Se65.1), the nonlinear refractive index nz is 6.5 x 1072 m?W-? (vs 5.4 x 1018 m2w!
calculated for sample Nr. 7). For GeisSb2oSess the reported value is 7.4 x 107 m®W-2, which is
close to 6.5 x 1018 m®W-! calculated for sample Nr. 6 (Ge16.4Sb19.4S€s4.2).
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Fig. 3-3 Comparison of nonlinear refractive index n, at 1.55 um of Ge-Sb-Se co-sputtered thin
films calculated using Sheik-Bahae’s model with experimental data taken from Wang et al. (z-
scan measurements of bulk glasses with thickness of ~2 mm) at 1.55 pum [37], from Olivier et
al. (beam self-trapping measurements of bulk glasses of ~2 mm) at 1.55 um [8], from Kuriakose
et al. (beam self-trapping measurements of Ge-Sb-Se slab waveguides) at 1.55 um [27],
theoretical values of nz (calculated by generalized Miller rule by Ticha and Tichy for Ge-Sb-Se
bulk glasses) at A>o0 [38] and semi-empirical Miller’s rule by Eq. 3-1.

Figure 3-4 shows the FOM (eq. 2-24 in chapter 1) calculated for all co-sputtered films. It
confirms that the films with the linear refractive index higher than that of sample Nr. 22

96



Chapter I11 — Results and discussion

(Ge7.4Sb24s5Sess1) may be limited for the application in nonlinear optics at the
telecommunication wavelength, i.e. FOM for these films at 1.55 um is higher than 1.
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Fig. 3-4 Dependence of FOM on the linear refractive index (no) at 1.55 um of Ge-Sh-Se thin

films

3.2. Nonlinear optical properties of Ga-Sb-Se thin films

In Ga-Sh-Se system, co-sputtered films corresponding to Ga>Ses-Sh>Sesz pseudo-binary
were considered for nonlinear optics applications. Nonlinear refractive indices (n.) at the 1.55
um depending on the optical bandgap for all fabricated thin film samples are shown in the figure
3-5. The values of n, ranges from 5.50 x 1018 m2W-! for antimony-free Ga,Ses up to 2.09 x 10°
17 m2W- for the sample Nr. 8 (Gaz.6Shs12See1.2) as depicted in the figure 3-5. 2PA coefficient
J3 for co-sputtered Ga-Sh-Se films reaches zero (fig. 3-6) for samples having optical bandgap
ES* higher than 1.65 eV corresponding to sample Nr. 4 (Gaio.2Shi75See3s). The linear refractive

index of this sample (no) at 1.55 um is 2.80.
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Fig. 3-5 Dependence of nonlinear refractive index at the telecommunication wavelength on
the optical bandgap of Ga-Sbh-Se thin films.
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Fig. 3-6 Dependence of 2PA coefficient /5 at the telecommunication wavelength on the optical
bandgap of Ga-Sb-Se thin films.

The suitability of co-sputtered Ga-Sb-Se thin films in nonlinear optics represented by
means of FOM (fig. 3-7) is very similar to that of Ge-Sb-Se system. This makes the ternary
system of Ga-Sb-Se an interesting option to Ge-Sb-Se especially when one compares the
current market price of gallium when compared to germanium [11].
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Fig. 3-7 Dependence of FOM on the linear refractive index (no) at 1.55 um of Ga-Sh-Se thin
films.

3.3. Nonlinear optical properties of Ge-Sb-Se-Te thin films

The nonlinear refractive index against the optical bandgap for Ge-Sh-Se-Te system is
plotted in the figure 3-8. The values of nonlinear refractive index are higher than those of Ge-
Sb-Se system (~2.1-2.6 m?W™). However, the low optical bandgap values ES" lead to the
considerably high 2PA coefficient /3 (fig. 3-9) which may reach more than ~30 x 10! m-W!
(~0.3 cm-GW) for 251G-Se4-Tel5 sputtered films. Unfortunately, this fact confirmed also by
high FOM (fig. 3-10) makes Ge-Sh-Se-Te films considerably ineffective for the applications in
nonlinear optics at the telecommunication wavelengths. Furthermore, the evolution of n»
depending on optical bandgap energy (fig. 3-8) clearly does not copy the shape of the function
G2 as it is for co-sputtered Ge-Sh-Se and Ga-Sh-Se thin films. This may be caused by the small
differences in no and EgL used for the calculations so the range of ny is rather small when

compared to the previous studied films.
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Fig. 3-8 Dependence of nonlinear refractive index at the telecommunication wavelength on
the optical bandgap of Ge-Sbh-Se-Te thin films.
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Fig. 3-9 Dependence of 2PA coefficient /5 at the telecommunication wavelength on the optical
bandgap of Ge-Sb-Se-Te thin films.
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Fig. 3-10 Dependence of FOM on the linear refractive index (no) at 1.55 um of Ge-Sh-Se-Te
thin films.

Concluding remarks

Nonlinear optical properties of co-sputtered ternary Ge-Sb-Se and Ga-Sb-Se and sputtered
quaternary Ge-Sb-Se-Te films were studied by means of nonlinear refractive index (Kerr
coefficient) n2 and two-photon absorption (2PA) coefficient 5. Numerical calculations of these
coefficients were estimated by Sheik-Bahae’s formalism [32] using the ellipsometry data
(dispersion curves and optical bandgap energy ES"). The balance between the refractive index
and optical bandgap seems to be very important since the optical losses due to the large two-
photon absorption can represent the limitation of a material for applications in nonlinear optics
at desired wavelengths. For ternary Ge-Sb-Se and Ga-Sb-Se co-sputtered films, the value of
optical bandgap energy of at least ~1.60 eV with corresponding refractive index at 1.55 um
around ~2.80 seems to be limit value for possible applications at telecommunication
wavelength. This is in a suitable accordance with Tanaka who proposed materials with the Tauc
gap of = 1.80 eV as a best choice for nonlinear optical fibers [39]. The limiting calculated values
of nz at 1.55 um according this work are between ~1.13-1.34 x 10"t m®W-L, These values are
more than three orders of magnitude larger than that of silica (n2 ~ 3 x 102 m?W1) [40]. It
should be noted that calculated values of nz using Sheik-Bahae’s model for Ge-Sh-Se sputtered
films are in a very good agreement with the literature.

Furthermore, high two-photon absorption may be expected in Ge-Sb-Se-Te films
fabricated by sputtering. The alteration of selenium by tellurium in such system causes high
decrease in optical bandgap which gives rise to high values of 2PA coefficient at 1.55 um.
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4. Local structure of thin films by Raman scattering spectroscopy

The local structure of deposited films was studied using micro-Raman spectroscopy
(LabRam HR800, Horiba Jobin-Yvon, NJ, USA) coupled with a X100 microscope (Olympus,
JP) with the excitation wavelength of 785 nm. In order to prevent the sample heating, neutral
density filters were used to attenuate the laser intensity. The effect of thermal population at low
wavenumbers was minimized by the reduction of Raman intensity defined in [41] as .4 (@) =
Imeas(w) - w/[n(w) + 1], where Ineas(w) represents the experimental Raman intensity at a
frequency ® and n(w) is the Bose-Einstein temperature occupation factor for the Stokes shift,
given by n(w) = (exp[(hw/kgT) — 1])~1. Here, % is a reduced Planck constant, kg is a
Boltzman constant and T is a temperature. After the reduction, the spectra were normalized by
means of the division by the maximum.

4.1. Local structure of Ge-Sb-Se thin films

First, the local structure of thin films fabricated by co-sputtering from GeSe»-Sh.Sez (fig.
4-1), GeSez-Gez2sShi12Seso and Sh2Ses-GezsShi2Sego (fig. 4-2) pseudo-binaries is discussed. The
influence of irradiation on Raman spectra of as-deposited co-sputtered thin films will be
discussed in chapter 5.

For germanium rich films, Raman bands peaking at ~198 and ~216 cm™ dominate the
spectra. These are ascribed to the symmetric stretching vibrations of heteropolar Ge—Se bonds
in corner-sharing (4,) and edge-sharing (accompanion mode, AS) [GeSeas] tetrahedra [9, 42-
44]. Furthermore, Raman bands corresponding to stretching vibration modes of Ge-Ge
homopolar bonds in [Ge2Ses2] and [Ge-GemSes-m] (M=1, 2, 3, 4) entities are found at ~175 cm’
1 accompanied by a small contribution at ~270 cm™ [45].
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Fig. 4-1 Raman spectra of Ge-Sb-Se co-sputtered thin films (GeSe2 and Sh;Ses targets) with
indicated compositions — samples shown in the plot correspond to the samples in table 2-1 —
fromtop Nr. 1,5, 3, 7 and Nr. 9.

It should be noted that the Raman band assigned to Ge—Ge vibrations at ~175 cm™ becomes
more significant when the Ge2gSb12Sego target is involved. This can be seen from the spectra of
samples Nr. 11, 13 and 14 which are shown in the figure 4-2. However, it is not the case for
GeSe2 and Sh,Ses respecting the stoichiometry of the main [GeSes2] and [SbSes2] entities
forming the glass network. For the films where the higher electrical power (e.g. spectra of
sample Nr. 9 in fig. 4-1 or spectra of sample Nr. 10 in fig. 4-2) was applied onto the cathode
with GeSe; target, the content of Ge—Ge homopolar bonds was not found to be as significant as
for GezsShi12Sego target presenting a deficit in Se. Creation of more favourable heteropolar
bonds during the deposition process is expected in these films due to the higher selenium
content [4].

With the decreasing germanium concentration, symmetric stretching vibrations of corner-
sharing (4,) and edge-sharing (AS) [GeSes,] tetrahedra typical for Ge-rich films gradually
evolve to Sb—Se stretching vibration modes in [ShSes/2] pyramidal units, resulting in the broad,
high-intensity Raman band peaking at ~190 cm™ in stoichiometric Sb,Sesfilms [42, 46].
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Fig. 4-2 Raman spectra of Ge-Sb-Se co-sputtered thin films (GeSe2 or Sh.Ses combined with

Ge28Sh12Seso target) with indicated compositions — samples shown in the plot correspond to
the samples in table 2-1 — from top Nr. 16, 15, 14, 13, 11 and Nr. 10.

Apart from weak Raman band at ~270 cm™, other contributions can be found in the
stretching vibrational region between ~250 and 330 cm™. First, Se—Se stretching mode at the
outrigger is located at ~245 cm™ [47]. Furthermore, a contribution which is considered to
originate from Se—Se vibrations at ~265 cm™ coming from [GeSeay2] tetrahedra where at least
one of the selenium atoms at the tetrahedron corner is bonded to another one, forming Se—Se
dimers or short selenium chains (Sen) [45]. Finally, F> asymmetric vibration modes of GeSes
tetrahedra are found at ~305 cm™ [48]. The weak band, usually ascribed to Se-Se bending mode
vibrations, can be identified at ~136 cm™ [49].

It can be seen, that the low-intensity Raman band found in stoichiometric ShoSes films at
~249 cm* assigned to Se—Se bond stretching vibrations in short selenium chains, shifts towards
the higher wavenumbers with increasing germanium content [9]. For Sh-rich samples, the low
intensity Raman band with maximum at ~159 cm™ assigned to Sb—Sb homopolar bonds’
vibrations in the Se>Sb-ShSe; units can be found [4, 48].

In the case of thin films co-sputtered from GeSes-Sbh>Ses pseudo-binary system (figure 4-
3), Raman peak corresponding to the edge-sharing (A%) [GeSea/2] tetrahedra vibrational modes
(~216 cm™) is much less intense when compared to the films co-sputtered from GeSez-Sh,Ses
pseudo-binary. Furthermore, high-intensity peak considered to be coming from Se—Se dimers
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or short selenium chains (Sen) can be found at ~260 cm™. By means of the structure, it can be
assumed that the lower intensity of edge-sharing [GeSes/] tetrahedra vibrational modes is
caused by the creation of Se—Se dimers and short selenium chains due to the large selenium
content [50]. Moreover, Ge-Ge vibrations at ~175 cm™ cannot be identified from Raman
spectra of these films indicating that almost all of the germanium atoms are probably connected
to selenium atoms. Similarly, the peak at ~305 cm™ has very low intensity when compared to
the films co-sputtered using GeSe, and Sh,Ses targets. The evolvement of Sh—Se stretching
vibration modes in [SbSez2] pyramidal units with increasing antimony content was also found
in these films.

To illustrate an assignment of bands identified in the Raman spectra, it is plausible to give
an example of spectra decomposition procedure for sputtered GeSe, and Ge2gSbhi12Sego films
exploiting different number of Gaussians (fig. 4-4). The complete assignment of vibrational
modes observed in the Raman spectra of Ge-Sh-Se co-sputtered films is given in table 4-1.

2025e708
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Fig. 4-3 Raman spectra of Ge-Sb-Se co-sputtered thin films (GeSes and Sh.Ses targets) with
indicated compositions — samples shown in the plot correspond to the samples in table 2-2 —
from top Nr. 24, 22, 21, 19, 18 and Nr. 17.
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Fig. 4-4 Gaussian peaks decomposition of Raman spectra of GeSe, (top panel) and
Ge28Sh12Seso thin films sputtered at 10 W — from Halenkovic et al. [4].

Table 4-1 Contributions of different structural entities to Raman scattering spectra in Ge-Sh-
Se glasses and thin films

Wa\zgnml{lr;l = Vibrational mode Environment Reference
138 rotational Se polymeric chains [8, 51]
138-145 bending Se-Se at the outrigger [49]
159 Sb-Sb Se,Sh-ShSe, [52, 53]
175 [Ge2Sesr2]
- Ge-Ge [Ge_GenSesn] M=1, 2, 3, 4 [8, 54, 55]
190 Sb-Se stretching [SbSes/2] pyramidal units [8, 52]
198 A, symmetric stretching [GeSear2] connected by corner [47, 53, 55]
216 A§ breathing companion [GeSes2] connected by edge [47, 54, 55]
235 Ay Sen chains in amorphous Se [8, 51]
245 stretching mode Se-Se at the outrigger [47]
240-250 Aq Sen rings [8, 51, 53]
) Sen chains [8, 47, 53]
260-265 4 [GeSear] corner linked (dimers, short chains) [8, 56]
285-305 F, asymmetric GeSe, [4, 47, 57]
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4.2. Local structure of Ga-Sb-Se thin films

It is generally proposed that gallium atoms are four-fold coordinated in the glass network
having similar structure as that of germanium based chalcogenide glasses, i.e. tetrahedral
coordination of gallium [58]. However, the structure of these glasses still remains unclear [11].

Raman spectrum of single cathode deposited Ga,Ses shows clearly more peaks when
compared to its crystalline counterpart which is dominated by sharp peak at ~155 cm™ and two
broad peaks at 250 and 300 cm, [59, 60]. Raman spectra of Ga-Sbh-Se thin films are shown in
the figure 4-5. The dominant peak at ~169 cm™ was found in the spectrum of Sb-free sample.
With increasing Sb content, the intensity of this peak is reduced and shifted towards the higher
wavenumbers. Interestingly, similar behaviour was reported by Verger et al. for Ge-Sh-Se
glasses where the high intensity peak at ~170 cm™ ascribed to the stretching vibration modes
of Ge—Ge bonds in [GezSesr2] or [Gexa—Ge—Sewu-xy2] found in GessSes2 was reduced in glasses
containing lower content of germanium [61]. This hypothesis would explain the occurrence of
high intensity peaks in the stretching vibrational region between ~250-330 cm™. Peak in this
region at ~264 cm™ decreases in the intensity with increasing antimony content. Another peak
found in this region is at ~246 cm™. This peak may possibly be coming from Se-Se stretching
modes at the outrigger.

Other peaks in Raman spectra of Ga-Sb-Se thin films are found at ~187 cm™ and ~217 cm-
!, These two peaks are gradually merging with the peak at ~190 cm™ in stoichiometric Sh,Ses
films corresponding to Sb—Se stretching vibration modes in [SbSes/2] pyramidal units. Finally,
low intensity Raman band peaking at ~123 cm tends to disappear with increasing Sh content.

For more precise analysis of the local structure of Ga-Sh-Se thin films DFT calculations
may be valuable to predict and identify individual modes proposed above.
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Fig. 4-5 Raman spectra of Ga-Sh-Se co-sputtered thin films with indicated compositions —

samples shown in the plot correspond to the samples in table 2-4 — from bottom Nr. 1, 2, 4, 5,
7 and Nr. 8.

4.3. Local structure of Ge-Sb-Se-Te thin films

Raman spectra of Ge-Sb-Se-Te thin films are showed in the figure 4-6. In samples 2S1G-Se4-
Tel0 (Ge1o.4Shis7SeszaTe1o) two bands dominate the spectra, specifically with maxima at ~166
and 198 cm™. In samples 251G-Se-Tel5 (Geig.4Sbie7SesssTess) the first peak is slightly shifted
towards the lower wavenumbers peaking at ~160 cm™ and the peak at 198 cm™ is reduced in
the intensity. It is assumed that the introduction of tellurium in the glass network leads to the
formation of mixed entities such as [GeSesxTex], [SbSes.xTex], Se—Sen-x—Tex or short Te-Te
chains [30]. Peaks at ~166 and ~198 cm™* can be possibly originating from symmetric stretching
vibration modes in mixed tetrahedron [GeSez;.Tez2] [30]. Furthermore, the presence of
tellurium affects the stretching vibrational region ~250 and 330 cm™ [62]. It can be expected
that some of the selenium atoms in Se—Se dimers, short selenium chains (Sen) or at the outrigger
in [GeSes/2] tetrahedra will be replaced by tellurium atoms resulting in shift of the peak at ~265
cm?, found in tellurium-free Ge-Sb-Se films, towards lower wavenumbers. The presence of
tellurium also reduces the intensity of this peak [62]. All the mentioned features can be observed
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when one compares the Raman spectra of tellurium-free 251G-Se4 thin film with 2S1G-Se4-
Tel0 and 2S1G-Se4-Tel5 (fig. 4-7) deposited at the same conditions (i.e. electrical power of
10 W, Ar pressure of 5 x 10 mbar).

Normalized reduced intensity [3.u.]

100 1%0 260 250 I 300
Raman shift [cm™]

Fig. 4-6 Raman spectra of sputtered 251G-Se4-Tel0 (black, Nr. 1 — 4 in table 2-6) and 2S1G-
Se-Tel5 (red lines, Nr. 5 — 8 in table 2-6) thin films.
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Fig. 4-7 Comparison of Raman spectra of tellurium-free 251G-Se4, 2S1G-Se4-Tel0 and
2S1G-Se4-Telb.

Concluding remarks

The study of local structure of fabricated films was performed by means of Raman
spectroscopy data analysis. In germanium-rich thin films fabricated by co-sputtering,
tetrahedral structure (i.e. [GeSeas2]) is expected where the GeSe, or GeSes target is employed.
In the case of films fabricated using the high electrical power on GeSe; target, Raman spectrum
is dominated by two bands peaking at ~198 and ~216 cm™ ascribed to symmetric stretching
vibrations of heteropolar Ge—Se bonds in corner-sharing (A,) and edge-sharing (accompanion
mode, A$) [GeSeas2] structural unit. The intensity of Raman band at ~216 cm™ is much lower
for films co-sputtered from GeSes target indicating that the structure is predominantly governed
by heteropolar Ge—Se bonds in corner-sharing [GeSeas/2] units in selenium-rich films. Presence
of Se-Se dimers and short selenium chains (Sen) in Se-rich films is also considered. In
germanium-rich films, the presence of Ge—Ge homopolar bonds can be identified at ~175 cm"
!, The intensity of this peak becomes more significant when selenium-deficient GezsSbi2Seso
target is used.

The structure of co-sputtered amorphous Ga-Sb-Se thin films is still not well understood.
It is assumed that gallium with its electronic configuration of s?p! is 4-fold coordinated in
chalcogenide glasses creating the dative bond via interaction with p lone pair of chalcogen
atoms [63]. However, there is still lack of information for this system due to the certain facts
such as limited glass-forming ability and high boiling point. For more precise analysis of the
local structure of co-sputtered films DFT calculations may be valuable to predict and identify
specific vibrational modes in this system. The addition of antimony in both Ge-Sbh-Se and Ga-
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Sbh-Se systems induces the evolvement of Sb-Se stretching vibration modes in [SbSes/]
pyramidal units.

Finally, in Ge-Sbh-Se-Te, the substitution of selenium by tellurium relative to Te-free Ge-
Sb-Se films, seems to induce the various mixtures of entities, where the atoms of selenium are
partly replaced by tellurium. Such replacement seems to shift corresponding peaks of these
entities towards lower wavenumbers. This observation is consistent with the effect of
chalcogen-chalcogen substitution on the structure of Ge-S-Se glasses [64].
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5. Photosensitivity of sputtered and co-sputtered thin films

VASE was used for the determination of the optical bandgap energy and refractive index
of thin films before (in as-deposited state) and after the irradiation. Photoinduced changes by
means of optical bandgap change and the refractive index at 1.55 um change are thus AES" =
E§*(irradiated) — ES* (as — deposited) and An = n(irradiated) — n(as — deposited)
respectively.

Moreover, direct transmission measurements using portable spectrophotometer EPP 2000
(StellarNet Inc., Tampa, FL, USA) were carried out to quickly control the shift of the short-
wavelength absorption edge during the irradiation. The typical set-up for the irradiation of the
chalcogenide thin films is shown in the figure 5-1.

For the experiments, the used light source is continuous-wave monochromatic diode-
pumped solid state laser or laser diode of desired wavelength. The distance between the laser
source and the sample is approximately 75 cm. In this path, the beam may be attenuated or
reshaped if needed so the beam of the intensity of 150 mW-cm™ (10 %) is achieved. The
sample is placed in the photo-kinetic cell under pure argon atmosphere in order to minimize the
surface oxidation of the samples. All the samples were irradiated for 180 minutes.

For the irradiation, the laser source with the wavelength near the optical bandgap was
chosen. Specifically, the penetration depth (1/a) of the source must be larger, but close to the
film’s thickness. In this work, appropriate light sources operating at 532 nm (2.33 eV), 593.5
nm (2.09 eV), 635 nm (1.95 eV), 656 nm (1.89 eV), 730 nm (1.70 eV), 785 nm (1.58 eV) and

808 nm (1.53 eV) were at the disposal.
Probe light

Iris, lens and attenuation
(ND filters)
[ ) TR E——
R RN ¢

Photokinetic cell with
sample under argon

Spectrophotometer atmosphere

Fig. 5-1 Experimental set-up for irradiations.

5.1. Photosensitivity of Ge-Sb-Se thin films

The prolonged irradiation of Ge-Sh-Se co-sputtered films have shown two different trends
by means of change in the optical properties. First, for the films co-sputtered from GeSe,
Sh>Ses and Ge2sSb12Seso (samples Nr. 1 to 16) which were rich in germanium, photobleaching
(PB) was observed after 180 minutes of irradiation. The largest PB effect was found in the
samples Nr. 10 (GeSez) and Nr. 11 (Ges25Sbi2Sess 3) where the changes AES" as high as 0.1
and 0.15 eV were observed, respectively.

As shown in table 5-1, PB tends to decrease with increasing antimony content up to Sb,Ses,
which was found to be photostable under given conditions of irradiation [4]. For the sample Nr.
13 solely deposited from GezsSh12Seso target, only a small PB effect was observed with the
optical energy gap change AEgL of 0.03 eV when irradiated by 635 nm laser source.
Furthermore, the changes in optical energy gap may be accompanied by the refractive index
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change as shown in table 5-1. Unlike the changes in optical energy gap no clear trends can be
justified in the refractive index changes 4n from VASE measurements though some high
changes were observed. The largest decrease of refractive index of 0.04 was measured for
sample Nr. 8. On the other hand, the increase by 0.04 and 0.03 was measured in sample Nr. 14
and samples Nr. 3, 5, 9, 12 and 16 respectively.

Moreover, in situ transmission measurements of these films have shown the crossover from
transient photodarkening (PD) to meta-stable PB. This is illustrated in the figure 5-2, which
corresponds to the data obtained for sample Nr. 10 and 11. Such behaviour is in accordance
with previous results reported by Lin et al. and Sati and Jain for co-sputtered [65] and
evaporated Ge-Sh-Se thin films respectively [66].

1-28 T o T d T o T . T hd T . T r T d T . 1-28 T ” T T T T T T .
(@ 2@ |
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Fig. 5-2 Crossover from transient PD to meta-stable PB in the samples (a) Nr. 10
(Ges25Sh12Sees.3) and (b) Nr. 11 (Geso.sShe.7Ses2.7) when irradiated by 593 nm laser source;
data collected at initial transmission T; of 15 %.

Thin films of GeSes-Sh,Ses pseudo-binary (samples Nr. 17 to 24, table 5-1) richer in
selenium were found to undergo slight photodarkening (PD) when irradiated by near-bandgap
light. According to direct transmission measurements, some PD persists also in the samples
containing antimony. Collected data from transmission measurements shown in the figure 5-5,
where transmission ratio T+/T; is given by the ratio between the transmission at a certain time
divided by the initial transmission value, indicate that the magnitude of PD becomes smaller
when the antimony content reached ~ 25 at. %. Furthermore, partial restoration of transmission
was observed for all the samples when the laser was turned off. Thus, it seems that both transient
and meta-stable processes are responsible for PD in these samples. Both photodarkening and
photobleaching were previously reported in germanium-deficient GexSe1oo-x amorphous films.
First, Kumar et al. have reported the crossover from PD to PB when the composition changes
from germanium-deficient to germanium-rich GexSeio0-x evaporated films. In their work, the
PD in GesSegs, GeioSego and GexoSeso is considered to be coming from photo-enhanced
crystallization of amorphous selenium in Ge-Se matrix as concluded from Raman
measurements [67]. It should be noted however that in their work, the intensity of laser beam
(500 mW-cm®) as well as the laser source energy (532 nm) was considerably higher than in the
present work. Recently, Zhang et al. have found PB effect even in germanium-deficient
sputtered GeissSess2 when irradiated by 655 nm laser source at various intensities [68].
Furthermore, coexistence of transient PD and metastable PB was observed in evaporated
amorphous Ge,Ses and GeSe; films [69, 70].

It is reasonable to ask whether or not the interlayer model proposed by Shimakawa et al.
[71] is relevant for ShoSes films and what is the role of potential interlayer slip motion in Ge-
Sb-Se films. In the case of Sb»Ses film, transient PD of a small magnitude was also observed
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(fig. 5-3). This PD is then followed by PB resulting in restoration of transmission almost to its
initial value.

T T T T T

| Nr. 1 7,=808 nm

092 T v T v T v T v T v T v T v T v T v
0 20 40 60 80 100 120 140 160 180
Time [min]

Fig. 5-3 Transient PD in Sb>Ses (sample Nr. 1) thin film irradiated by 808 nm; data collected
at initial transmission T; of 10 %.

To answer the later, as seen from the Raman spectra of films deposited from GeSes target,
the peak intensity of corner-sharing (A1) vibrational modes in [GeSeas2] tetrahedra is much
higher than that of edge-sharing (A$) ones. In contrast, this ratio is different in films deposited
using GeSe; target. Four-fold coordinated germanium in A may spatially constrain the glass
network so the magnitude of PD is rather low for films co-sputtered from GeSe, and
Ge2sSh12Seso. Furthermore, the high selenium content in films deposited from GeSes target
probably causes the opposite.

Another explanation of coexistence of transient PD and slow PB in Ge-Sh-Se films was
recently proposed by Sati and Jain [66]. They assume that during the irradiation of evaporated
Geso-xShxSego thin films the structural units containing homopolar Ge-Ge, Sb—Sb or Se-Se
bonds and heteropolar bonds of Ge-Se, Sh—Se respond independently, creating the competition
among Sh—Se, Se—Se and Ge—Se structural units. Sb—Se leads to the initial change by means of
PD while Ge-Se bonds formation dominates the PB process. Thus the coexistence of fast PD
and PB is given by the diverse nature of structural units [66].

Both interlayer model and bond rearrangement may provide the explanation, why the PB
effect is not observed in samples Nr. 17 — 24. Germanium in films co-sputtered from GeSes is
expected to be almost entirely connected to selenium due to the excess of selenium. In the case
of films co-sputtered from GeSe, and Ge2sSh12Ses0, homopolar Ge—-Ge bonds existing in these
films cause large PB in germanium-rich films. Nevertheless, even if the experiments were
performed under pure argon atmosphere, we cannot completely exclude that another
contribution to PB effect might be originating from some photo-oxidation of the surface.

Raman scattering spectra analysis of co-sputtered films before and after irradiation
represented by figure 5-4 did not confirm that the shift in the optical bandgap energy is strictly
due to the homo-to-heteropolar bond conversion.
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Fig. 5-4 Comparison of normalized reduced Raman spectra of samples Nr. 8 to Nr 10 before
and after irradiation.
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Fig. 5-5 Evolution of transmission ratio during the irradiation of samples (a) Nr. 17

(Ge1o.6Seso4) — irradiated by 597 nm, (b) Nr. 18 (Ge14.0Sbhs 7Sego.3) — irradiated by 635 nm, (c)

Nr. 20 (Ge10.9Sb139Sers2) — irradiated by 656 nm (d) Nr. 22 (Ge7.4Sh245Sess 1) — irradiated by

730 nm and (e) Nr. 23 (Ges7ShossSesss) — irradiated by 730 nm; data collected at initial

transmission T; of 20 %
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Table 5-1 Photoinduced changes in optical bandgap (AES" = ES"(irradiated) — ES"(as-
deposited) and refractive index at 1.55 um (An = n(irradiated)—n(as-deposited) of Ge-Sbh-Se
thin films with indicated chemical compositions (+ 1 at. %) evaluated by EDS and wavelength
of irradiation (Air in Nnanometres).

Composition
Nr (a? %) Airr AEgL (eV) An u@n:llss
1 Shsg.sSesos 808 0.01 0.02
2 Sbsg.eSeso.1 808 -0.01 0.02
3 GesoShssaSesis 808 0.02 0.03
4 GegsShos7Sesis 730 -0.02 0.00
5 Ge23ShasSeszs 690 -0.01 0.03
6  GeissShigsSessz 635 0.02 0.00
7  GexsSbiisSees: 993 0.07 0.01
8  Gez7.7ShseSees.4 593 0.06 -0.04
9  Ges.i1Sesrs 532 0.11 0.03
10 Ges25Sh12Seess 593 0.15 0.00
11  GespsShe7Ses2.7 593 0.04 -0.01
12 Gezr3Shi2sSesos 690 0.03 0.03
13 Gezr7Sh123Sesoo 635 0.03 0.00
14  Gezs3ShisoSesor 690 -0.01 0.04
15 Gei12ShssSesos 730 0.00 0.00
16  GesoShsssSeso; 808 0.01 0.03
17  Geig6Seso4 593 -0.02 0.01
18 Gew0Shs7Sesos 635 -0.05 -0.01
19 Gei27ShiosSess 635 -0.04 0.00
20 Gej9ShizeSers, 696 -0.01 -0.01
21 GegoShzo2Sers - ) )
22 Ge74ShassSess.1 730 -0.04 0.02
23 Ges7ShogsSess s 730 0.00 0.00
24 Gez9Shss.1Ses2.0 - - .

It should be noted that for the systems rich in antimony, the reflectivity (and the refractive
index) is very high making the identification of the actual spot of irradiation very difficult.

5.2. Photosensitivity of Ga-Sb-Se thin films

To author’s knowledge no photosensitivity studies have been conducted for the Ga-Sb-Se
system. As illustrated in the figure 5-6 the prolonged irradiation of Ga-Sbh-Se co-sputtered films
leads to PB effect. Largest PB effect was found in the samples Nr. 1 (Ga>Ses) where the change
AEgL is 0.1 eV. The magnitude of PB decreases monotonically with an increasing antimony
content. Similar to Ge-rich Ge-Sb-Se thin films, transient PD was observed when the laser was
switched on. Photoinduced changes in all the Ga-Sb-Se thin films are summarized in table 5-2.
No significant changes in refractive index which may accompany the changes of optical
bandgap were observed except for sample Nr. 4 with composition Gaig 2Sb175S€es3.3 with An of
0.03.
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Fig. 5-6 Evolution of transmission ratio during the irradiation of samples (a) Nr. 1 (Gas7.6Ses2.4)

— irradiated by 597 nm, (b) Nr. 3 (Gaso3SheoSes2s) — irradiated by 635 nm, (c) Nr. 4

(Gayg.2Sh175Ses3.3) — irradiated by 690 nm (d) Nr. 6 (Gai36Sh24.7Ses1.7) — irradiated by 730 nm

and (e) Nr. 7 (Gaio.9Sh27.6Ses15) — irradiated by 785, (f) Nr. 8 (Gaz.sShs1.2Ses1.2) — irradiated by

808 nm; data collected at initial transmission T; of 20 %
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Table 5-2 Photoinduced changes in optical bandgap (AES" = ES"(irradiated) — ES"(as-
deposited) and refractive index at 1.55 um (An = n(irradiated)—n(as-deposited) of Ga-Sbh-Se
thin films with indicated chemical compositions (+ 1 at. %) evaluated by EDS and wavelength
of irradiation (Air in Nnanometres).

NF COE;EO(;:)IO“ hire AEgL(eV) An l(Lc;DI;.SS
1 GasreSesa 693 0.10 -0.01
2  GasSbs,Sesss 635 0.06 -0.01
3 GazsSheoSess 656 0.06 0.00
4  GaigsShi7sSesss 690 -0.01 0.03
5  GarShoi7Sesis 730 0.02 0.01
6  GaizeShuSes; 730 0.00 0.00
7  GawsShr7eSesis 785 -0.01 0.02
8 GareShsisSeq, 808 0.00 0.01

Possible explanation of observed photoinduced changes in Ga-Sbh-Se thin films may be
similar to that one in Ge-Sh-Se system considering the same shape of transmission evolution
during the experiments. Nonetheless, as for Ge-Sb-Se films, despite the fact that the
experiments were performed under pure argon atmosphere, the influence of humidity (and
oxygen) should not be completely ruled out [72]. Photo-enhanced oxidation in crystalline
GaoSes under prolonged Ar* laser irradiation (A = 514.5 nm) leads to the replacement of
selenium by oxygen as reported by Nobuaki et al. [73]. This leads to the increase in optical
transparency of thin film due to the refractive index difference between GazSes; and Gaz0:s.

Conclusion remarks

Photosensitivity studies were performed by means of prolonged irradiation by near-
bandgap light with respect to the penetration depth of used light source. In order to minimize
the effect of surface photo-oxidation, samples were placed in photo-kinetic cell with the pure
argon atmosphere. In co-sputtered Ge-Sb-Se films, two opposite shifts of the fundamental
short-wavelength absorption edge were observed. Specifically, photobleaching effect in
germanium-rich films deposited from GeSe; and PD in selenium-rich films deposited from
GeSes. The increase of bandgap due to the PB expressed as AEgL may be as high as 0.15 eV
(Ges2.5Sba.2Sees.s). The largest magnitude of PD was present in Geis0Sbs7Sesos (AESE = —0.4
eV). The reason for such observation may lie in the different structure of films co-sputtered
from these targets. Photodarkening in amorphous selenium is well known phenomena [74].
Kumar et al. proposed that the PD in Ge-deficient GexSeio0-x evaporated films is due to the
photocrystallization of amorphous selenium when irradiated by 532 nm laser source (intensity
of 500 mW-cm™) on air [67]. Moreover, Ge-deficient films with the high selenium content are
probably more prone to PD due to their underconstrained glass network structure. With
increasing germanium content, the glass network becomes more constrained, so the magnitude
of PD is supressed. Besides that, at high content of germanium in Ge-Sb-Se films, the presence
of Ge-Ge homopolar bonds is probably unavoidable. Although it was not confirmed in this
work, homo-to-heteropolar bond conversion usually takes part during the irradiation resulting
in PB effect.
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To the author’s knowledge, the photosensitivity of amorphous co-sputtered Ga-Sh-Se films
was performed for the first time. The effect of prolonged irradiation on the optical properties
seems to be of same manner as in Ge-Sb-Se system deposited from GeSe,, Ge2sShi12Sego and
Sh,Ses targets. The largest PB expressed as AEgCL was found in binary GazSes, with the value
of 0.10 eV. Increasing antimony content in both Ge-Sbh-Se and Ga-Sh-Se tend to decrease the
magnitude of PB these films.

Unlike the changes in optical bandgap energy no clear trends can be justified in the
photoinduced refractive index changes 4n (extracted from VASE data) in both Ge-Sb-Se and
Ga-Sh-Se systems. The largest decrease for Ge-Sb-Se co-sputtered films was found in sample
Nr. 8 (Gez7.7Shs 9Sess.4) - the refractive index of this sample decreased by 0.04 on irradiation.
On the other hand, the photoinduced increase of highest magnitude was observed for sample
Nr. 14 (Ge23.3Sh16.0Ses0.7) and Nr. 4 (Gaio.2Sb17.5S€63.3) from Ge-Sb-Se and Ga-Sbh-Se system
respectively. The increase of 0.03 was also found for samples Nr. 3, 5, 9, 12 and 16 from Ge-
Sb-Se system.
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Summary

Selenium based amorphous chalcogenides are perspective materials for applications in the
field of nonlinear optics. In the frame of this thesis, optical properties, structure and
photosensitivity of co-sputtered thin films of Ge-Sb-Se and Ga-Sh-Se systems were
investigated. Furthermore, optical properties and the structure of sputtered thin films of Ge-Sb-
Se-Te were studied. Finally, optical properties and the structure of sputtered thin films of Ge-
Sb-Se-Te were studied.

Fabricated films are of good quality as found by AM-AFM and SEM techniques.
Magnetron co-sputtering technique allows a deep study of various properties throughout the
composition in ternary amorphous chalcogenides [1]. It is also considered to be an efficient
deposition method to fabricate amorphous thin films whose composition is out of glass-forming
region of the system under study.

The studies of nonlinear optical properties of co-sputtered films by means of the nonlinear
refractive index and two-photon absorption coefficient estimated by Sheik-Bahae’s formalism
were performed. It has been shown that the balance between refractive index and optical
bandgap is the vital for the possible applications of studied materials in the field of nonlinear
optics at the telecommunication wavelengths. Moreover, it was found that the minimum optical
bandgap for Ge-Sb-Se and Ga-Sh-Se co-sputtered films should be at least ~1.60 eV. This value
of optical bandgap (EgL determined by Cody-Lorenz oscillator model) corresponds to the linear
refractive index value of about 2.80 for both systems. Moreover, at the lower values of optical
bandgap, two-photon absorption takes part, limiting such materials for the applications at 1.55
um. The maximum nonlinearity by means of n; at 1.55 um with respect to 2PA is about ~1.13-
1.34 x 10 m>W! for Ge-Sb-Se and Ga-Sb-Se co-sputtered films. High values of 2PA
coefficient /5 indicates that strong two-photon absorption may be expected in the system of Ge-
Sb-Se-Te. The alteration of selenium by tellurium in such system causes high decrease in
optical bandgap.

Recently, the beam self-trapping technique was used to measure the nonlinear optical
properties of Ge-Sh-Se planar waveguides. The experimental results were discussed in several
papers [2-5]. Throughout these, the most important findings include low-loss propagation of
spatial soliton [2] and plasmon-soliton coupling [5] in chalcogenide waveguides. These
observations make these materials suitable for nonlinear photonic devices such as wavelength
conversion and supercontinuum generation.

Photosensitivity of chalcogenide glasses and thin films may be the limitation of these
materials in mentioned applications. From the photosensitivity studies of co-sputtered films of
Ge-Sbh-Se and Ga-Sbh-Se under the prolonged near-bandgap irradiation one can conclude that
the chemical composition of the thin films plays the significant role in the changes of optical
properties. In germanium and gallium-rich films irreversible photobleaching effect (PB) was
observed. The magnitude of PB decreases with an increasing antimony content in these films.
Furthermore, in selenium-rich co-sputtered films of Ge-Sb-Se an inverse effect (i.e.
photodarkening)
takes part.

The fabrication and characterization of sputtered Ge-Sh-Se-Te thin films in this work is
considered to give a decent background for potential study of co-sputtered films within this
system.
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