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In this paper we present the results of optical and spectral characteristics of the quasibinary glassy system
Bi—As2S3. From the obtained spectra we determined the optical band gap and the level of structural disorder for
different doping atoms content. The decrease of the optical gap with increase on Bi atoms content was discussed
in terms of chemical composition and arrangement of structural units, using the Raman spectroscopy results. The
Wemple-DiDomenico model was used to describe the refractive index behavior and correlations between linear
and nonlinear optical quantities of investigated chalcogenides, yielding significant parameters for the structural
analysis. Having obtained high values of nonlinear refractive index, potential applications of these materials in

telecommunication systems are discussed.
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1. Introduction

Chalcogenide glasses exhibit excellent transmission in
the near and far infrared spectral region. They are high
refractive index materials with a nonlinear refractive in-
dex typically 100 times greater than that of silica, es-
pecially those containing heavy metal elements [1, 2].
For these reasons chalcogenide glasses have been studied
for ultrafast switching in telecommunication systems [3].
These glasses also have the advantage of high chemical
and thermal stability, which allows production of easy-
to-prepare optical devices [4-6]. Furthermore, their pho-
tosensitivity and a possibility to modify the refractive in-
dex of the glass in a controlled manner, provide promising
technique for obtaining channel waveguides [7, 8|, bypass-
ing the standard photolithographic processes. Therefore,
the design and production of optical components based
on chalcogenide glasses require detailed information on
their optical properties over a range of wavelengths.

In this paper, we focus our study on some optical and
spectral characteristics of quasibinary Bi;(As2S3)100—x
glassy system. We studied the changes in optical band
gap E, and correlated it to the content of doping atom
in arsenic-sulphide matrix. The Raman spectra analysis
enabled the determination of particular structural units
that have the most significant impact on material prop-
erties.

In addition, the aim of this work was to study linear
and nonlinear optical properties of these glasses. In order
to establish a correlation between the linear and nonlin-
ear optical quantities, the Wemple-DiDomenico (WDD)
model was applied for refractive index dispersion analy-
sis. The obtained results were interpreted from the view-
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points of structural modification of the amorphous ma-
trix due to doping with Bi atoms, and their practical
applications.

2. Experimental

The synthesis of chalcogenide glasses of quasibinary
Bi,(As2S3)100—2 System (z = 1.5, 3, 5, and 7 at.% Bi)
was performed by the method of cascade heating, ac-
cording to the regime described in the previous publi-
cation [9]. These compositions are selected with regard
to the amorphous region boundaries on the phase dia-
gram. To enable recording transmission spectra, glass
samples with z = 1.5, 3, and 5 at.% Bi were mechani-
cally processed with abrasive powders of different grain
sizes to form planparallel plates of about 0.7 mm in thick-
ness, and polished to a high gloss to avoid diffuse scat-
tering effects. Transmission measurements were carried
out using NIR Perkin-Elmer spectrophotometer model
Lambda-950 in the wavelength interval of 400-2500 nm.
The opacity of the glass with the highest content of dop-
ing atoms in this spectral region has prevented the spec-
tral analysis for this sample. The refractive index disper-
sion was measured by the direct method of prism using a
laboratory-constructed setup [10]. The prisms were pre-
pared from the selected pieces of glass samples by me-
chanical treatment and polishing. The angles of prisms
were measured by two-circle optical Enraf Nonus Y-881
goniometer with the accuracy of 2. The Raman spec-
tra were recorded at room temperature, using confocal
Raman imaging system alpha 300 R (WITec) with the
doubled Nd:YAG laser (532 nm) and in a backscattered
geometry.

3. Results and discussion

The transmission spectra were used to determine the
absorption coefficient o of the investigated glasses, ac-
cording to the equation
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1.1

where d is the sample thickness.

The Vis-NIR absorption spectra are shown in Fig. 1.
According to Eq. (1), thickness of the samples has a sig-
nificant impact on the absorption coefficient value. How-
ever, during the preparation it was not possible to achieve
absolutely the same thickness for all the samples. There-
fore, a small difference between the thickness values ex-
ists, as indicated in Fig. 1 and may have certain conse-
quences on the discussion of the optical characteristics of
the analyzed materials.

560 e x=5 at.% Bi
) —-=- x=3 at.% Bi d=0.705 mm
..... le.sat.%Bi '....-~...--..-.--
1o { d=0.65 mm
] A B
i d=0.74 mm
£ /
2
o]
or 1 Urbach tail
40 F —
0 1 1
2.0 25 3.0
hv (eV)
Fig. 1. Dispersion curves of absorption coefficient of

glassy Bi;(As2S3)100—2 system.

In the high-energy region of the spectrum one observes
two characteristic slopes. The steeply sloped line corre-
sponds to the Urbach tail and the gradually sloped line
corresponds to the weak absorption tail (WAT). It should
be noted that part of the spectra corresponding to the Ur-
bach tail is similar in different materials, while the WAT
is a structure-sensitive property [11]. Therefore, WAT
characterizes the loss factors in chalcogenide glasses [12]
and is induced by additional band-gap states. Figure 1
also shows that the WAT amplitude is the highest for
the sample with minimum content of Bi. The tail ab-
sorption originates in weak transitions between localized
states deep in the gap and the extended states in the con-
duction band (or valence band), which can be expressed
by the following equation [11]:

a(w) = (2)

2 932 ¢
meTh i/V(Ei)N(Ei)g(hw—hwmax+Ei)dElv,
mc n

(hwmax _hw)

where e, m, ¢ and n represent the electronic charge, mass
of electron, velocity of light, and refractive index, respec-
tively, f is the oscillator strength, Awmax is the maximum
optical transition energy in the tail absorption, V(E) is
the volume of the localized states in glass, N(E) is the
density of the localized states, and g(F) represents the
state density of the opposite extended states in the tran-

sition process.
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Fig. 2. Dependence of (ahv)'/? on hv of glassy

Bi, (As253)100—« System.

In this interpretation WAT is associated with the deep
potential fluctuations which may occur due to disorder,
defects, or impurities [11]. Thus, increased tail absorp-
tion in glass with x = 1.5 at.% Bi, compared to the
glasses with = 3 and 5 at.% Bi is induced either by the
high value of N(F) or by the high transition probability
of the localized states. Another feature of the recorded
absorption spectra is the red shift of the optical absorp-
tion edge as a function of dopant atoms content.

TABLE I

Values of the optical band gap and width tails of the lo-
calised states for the samples of Bi; (As2S3)100—2 sSystem.

x [at. %] E, [eV] E. [meV]
1.5 1.80 (4) 144.3 (7)
3 1.53 (3) 90.5 (2)
5 1.32 (2) 86.7 (2)

The direct optical band gap F/, values are determined

from the plots of (ahl/)l/2 as a function of hv, by the
extrapolation of the linear part of the curve (Fig. 2). The
obtained values are given in Table I.

The E4 values indicate decreasing trend of the param-
eter I, with increased doping atoms content. Recalling
the optical band gap value of As,S3 glass of 2.35-2.40
eV [13], it may be noticed that the presence of small
amount of Bi atoms (1.5 at.%) significantly reduces this
parameter. Further on, the decrease of F; with increase
of dopant content can be approximated by a linear func-
tion. The significant red shift of the absorption edge
can be explained either by increasing the length of As—S
bonds without any particular changes in the structure or
by dependence of the width of the localized states near
the edge of mobility on disorder in the glass matrix [14].
Namely the existence of the defect structural units in
the tails broadens the energy level of the tail band and
narrows the optical gap [15, 16].
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The slope of the linear part in the area of the Urbach
tail in Fig. 1 represents the width of the band tail due
to the presence of the localised states described by the
parameter E. [17] and enables further analysis of the
parameter E,. The parameter F. is determined from
the slope of the linear part of the plot Ina = f (hv),
according to the relation

a = agexp B (3)
The obtained values are shown in Table I.

Slightly higher slope of the linear part of the Ina =
f (hv) curve, illustrated in Fig. 3, can be noticed only
for the sample with a minimum content of Bi. For other
two samples these slopes are almost the same, see E. val-
ues in Table I. Considering the E. value of 81 meV for
the undoped glass [18], one may conclude that the largest
effect on disorder caused by the induction of new defect
occurs in the composition with minimum amount of dop-
ing atoms. This effect is consistent with the the largest
WAT amplitude (Fig. 1), registered for the composition
Biy 5(As2S3)9s.5- This could also be an explanation for
the significant change in the optical band gap in compar-
ison to the matrix band gap (Table I). In terms of chem-
ical bonds, it can be assumed that dopant atoms in this
concentration form the bridge-like bonds with sulphur
atoms, hence increasing the structural disorder. With
further increase of Bi content, parameter F. converges
to the matrix value. It all indicates that at the lowest
concentration there are special effect associated with the
nanocluster structure. For higher dopant content, Bi will
be substituted and incorporated in As,Ss matrix.
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Fig. 3. Dependence of Ina on hv of glassy

Bi, (As2S53)100—2 system.

The Raman spectroscopy of Bij 5(As2S3)9s.5 and
Bis(As2S3)97 chalcogenides was made to study modifi-
cations in structure influenced by bismuth doping. The
recorded spectra, shown in Fig. 4, clearly indicate a sig-
nificant presence of realgar phase in the network struc-
ture of the glass with x = 1.5 at.% of Bi (peaks at 135,
145, 165, 185, 220, and 361 cm™1) [19], that is, the exis-
tence of nanophase separation. On the other hand, it can

be noticed that for the sample with z = 3 at.% intensities
of Bi peaks attributed to the vibration of BisS3 structural
unit (185, 232, and 270 cm™1) [20] increase, indicating
that the share of realgar phase decreases. The peaks at
310, 340, and 380 cm ™' observed for both samples cor-
respond to the vibrations of structural unit AssSs [21].
The refractive index dispersion curves of the samples
are plotted in Fig. 5 and show usual dispersion behavior.
They also indicate increase of the refractive index n with
Bi content and typical values for chalcogenide glasses.
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Fig. 4. Raman spectra of glassy Biz(As2S3)100—2 Sys-

tem.

The application of the Wemple-DiDomenico
model (WDD) [22] for the analysis of the refrac-
tive index behavior in the transparent region is given in
Fig. 6. This dispersion model establishes the relation
between the refractive index and the strength of the
oscillator A (A = E4/Ey) as follows:
= (1
E3 — E?
where FE denotes the energy of incident photons, Ey is
the effective energy of oscillator and F; is a dispersion
parameter, which indicates the strength of optical inter-
band transitions. Experimental data fitting is illustrated
in Fig. 6, and the numerical values are summarized in
Table II.

n?=1+

TABLE II
The Wemple DiDomenico parameters of glassy
Bix(ASQSS)IOO—x system.
z [at.%]| Eo [eV]| Eq [eV] A no |vo [10'° Hy]
1.5 [4.82 (5)]24.49 (6)|5.08 (5)[2.47 (3)| 1.17 (2)
3 4.78 (5)]25.55 (9)(5.34 (9)(2.52 (6)| 1.16 (5)
5 4.73 (4)|27.55 (8)]5.82 (7)|2.61 (4)| 1.15(3)

The relation between the parameter F; and the
changes in the structure of glass network is illustrated
with empirical equation

Eq = BN.Z,N,, ()
where 8 = 0.37+0.04 eV [23] in case of covalent bonding
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(dominant in chalcogenide glasses), N, is the coordina-
tion number of nearest cationic neighbors of anions, Z,
is the formal valence of the anion and N, is the effective
number of valence electrons per anion.
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Fig. 5. Dispersion of refractive index of glassy

Bi, (As2S53)100—2 system.

The parameters from Eq. (4) (the effective energy of
oscillator Ey and dispersion parameter Fy) are obtained
by fitting the experimental data. Given the parameter Fy
corresponds to the distance between the “centers of grav-
ity” of valence and conduction bands, its decrease with
the higher impurity atoms content indicates the agree-
ment of WDD analysis with the results of spectroscopic
measurements (Table I).

Considering that the energy of effective oscillator is
associated with the energy of various chemical bonds in
the investigated material [24], the reduction of Ey may
be explained by the formation of new structural units of
Bi-S type with a lower binding energy (315.5 kJ/mol),
replacing the As—S bonds (379.5 kJ/mol) [25]. Regard-
ing the dispersion parameter Ey values (Table II), one
concludes that the introduction of Bi in AsyS3 matrix in-
creases the strength of the optical interband transitions.
Following Eq. (5), N, and N, parameters have the dom-
inant influence on the oscillator strength. The increase
of the static refractive index as a function of Bi content
is in accordance with the absorption edge shift toward
lower frequencies (Fig. 1). It should also be noted that
the frequencies of the oscillator expectedly fall in the UV
region of the spectrum.

WDD analysis also enabled the calculation of the static
refractive index no = /14 E4/Fy and the mean fre-
quency of electron oscillator vy = ¢/Aod. The obtained
values are given in Table II.

Applying WDD model for the description of refractive
index dispersion of investigated glasses also enabled the
establishment of correlation between linear and nonlinear
optical quantities. The nonlinear refractive index values
of glassy quasibinary system Bi—As,S3 are calucated from
the Fournier and Snitzer equation [26]:
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Fig. 6. Dependence of 1/ (n2 — 1) on (hz/)2 of glassy
Bi, (As2S3)100—z System.
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where N is the number of atoms per volume.
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Fig. 7. Dispersion of nonlinear refractive (hv)® of
glassy Bi;(As2S3)100—2 system.

The calculated values are represented as a dispersion
curve in Fig. 7. According to the results illustrated in
Fig. 7, the nonlinearity significantly increases with the
content of impurity atoms. The nonlinear refractive in-
dex no exhibits analogous dispersion behavior as the lin-
ear refractive index n (Fig. 5). Also, ns of investigated
materials in this paper is higher by two orders of magni-
tude in comparison to AsyS3 [27], and even four orders
of magnitude in comparison to pure silica [28, 29]. Ac-
cording to the spectroscopic results (Table I) and the
Moss rule [30] this can be explained as the consequence
of reducing of the optical gap with Bi atoms introduction.
Moreover, due to the large nonlinearity, the lower power
and shorter interaction lengths are required for possible
applications. The values of nonlinear refractive index of
about 10717 m?/W could indicate the potential appli-
cability of the investigated glasses in telecommunication
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devices that operate on A =~ 1.5 ym. Given that the peaks
in the energy spectrum of the nonlinear refractive index
and nonlinear absorption in amorphous semiconductors
occur at 0.5-0.9E, [31], the materials having the optical
band gap in the range of 1.0-1.6 eV feature optimal val-
ues of nonlinear parameters. However, the practice has
shown that the materials with a slightly larger optical
band gap (E, ~ 1.8 €V) and ns ~ 10717 m?/W satisfy
the requirements for applications in telecommunication
devices [32], which is explained by the existence of energy
states in the tails of valence and conductive band, lim-
iting the optical transparency. Thus, the systems under
investigation may be used as optical materials for high
speed communication fibers and also in optical limiting
devices.

4. Conclusion

The analysis of the absorption coefficient dispersion
curves have shown that the weak absorption tail am-
plitude decreases and the absorption edge shifts to the
lower energies as a function of Bi content. The reduc-
tion in the optical band gap is also found. Based on
the tail width estimation of the localized states and the
Raman spectra analysis, it was concluded that the ef-
fect of doping on the structural disorder is the largest for
the minimum concentration of the introduced bismuth
atoms (x = 1.5 at.%). The substitution and consequently
incorporation of dopant atoms into the structural units of
matrix starts with increase of the dopant atoms content.
The analysis of the refractive index of studied glasses
show normal dispersion and increasing trend of parame-
ter n with Bi content. We have shown the agreement of
the Wemple—di Domenico dispersive model with our spec-
troscopic measurements. Obtained results for nonlinear
refractive index may be the path toward more sensitive
optical limiting devices, indicating potential use of these
glasses as optical materials for high speed communication
fibers.
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