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ABSTRACT
Through this paper we discussed some theoretical aspects related to the

change in arsinic content in the compound As,Seig.x . We also presented a
discussion on the XRD and optical analyses of the investigated system. The
XRD analysis of As,Sein. x (5 < x < 50) compositions emphases the non
crystalline structure of the prepared alloys as well as the evaporated thin
films. In the present compound of As,Seigx, the rigidity percolation
threshold (RPT) occurs at As=40 at.%. Optical investigations of the
evaporated As-Se films were done using the recorded data of transmittance
(T) and reflectance (R) in the range 350-2500 nm. The optical band gap
showed indirect allowed transition for all AsSe thin films of thickness 850
nm. The trend of optical gap of the deposited As,Seigox films was found to
decrease with increasing of As concentration (upto 40 at.%) and this
behavior is explained using two models: Mott and Davis model and the
chemical-bond approach (CBA). The dielectric constant at high frequency
and the ratios of the carrier concentration to the effective mass were also
calculated for the evaporated films. The dispersion behavior of refractive
index within the AsSe films was characterized by calculating different
parameters such as N/m”", g, E, and E4 which were discussed based on the

single-oscillator model.

INTRODUCTION

Chalcogenide glasses is one of the most important materials in manufacturing

devices. The physical properties of these materials are very interesting, such as high
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transmission in the infrared spectrum, elevated refractive index, and reversible non-
crystalline to crystalline changes and can be smoothly shaped into optoelectronic devices
[1-6]. Among them, the As,Sei- x (5 < x < 50) glasses are highly recommended
materials. Its intrinsic semiconducting manner over a wide band gap as well as interesting
switching and photo-darkening characteristics. All these properties make As Se glasses
favorable to various technological applications [7,8]. In particular, the Chalcogenide glass
AsyoSeqo IS very suitable material for all-optical switching devices [9], or as a mid-
infrared laser source [10]. Also can be used in optic fibers technology [11]. Moreover,
recent studies indicated the possibility to prepare these glasses using different techniques
other than the melt-quenching method such as microwave heating [12].

The As Se thin films are also of great interest and have been intensively studied.
These studies were derived by their excellent glass forming tendency (up to 40 at% of
arsenic), good quality thin films, and their photo- and thermo-induced changes of
structure, optical properties, etc. [13]. The tendency of exploration of AsSe thin layers is
due to their significant physical properties. In addition to, they are used in the devices of
optoelectronics and many optical photonic circuits and their parts (waveguides, gratings,
etc.) [13]. Therefore, the optical properties of AsSe should be studied extensively. Thus,
lots of work have been made in this paper to study the structural and optical properties of
the AsSe chalcogenide materials.

MATERIALS AND METHODS

The bulk alloys of AsxSeigx, (X =5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 at. %)
were prepared from a mixture of As (purity 99.99%) and Se (purity 99.98%) elements ,
which were bought from Aldrich Chem. Co., USA by melt-quenching technique. Each
element is weighed according to its atomic-weight percentage within the composition,
utilizing electronic balance type (Sartorius) with accuracy of +10™" mg, and sealed in
silica tubes of 1 cm diameter under vacuum of 5x10® Torr. The closed tubes heated
gradually in an electrical oven up to 850 "C for 24 hours. The melt was continuously
stirred to guarantee better homogeneity. Quenching process was done by immersing the
tubes in ice-cold water. Then, the product was taken off the tubes and maintained in a dry
atmosphere.
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Thin layers of AscSeinox (5 < x < 50) were evaporated onto glass substrates at T
=27 °C by the technology of resistive thermal evaporation utilizing a high vacuum
coating set up (model: Edward E 306A, UK). The deposited thin layers were of thickness
850 nm.

X-ray diffractometer (PW 1710, Philips Co.) with CuK,, radiation of A =0.15418 nm
and Ni as a filter was used to take X-ray diffraction charts. The diffractometer was
conducted at 40 KV and 30 mA. The patterns were measured automatically with a speed
of scan of 3.6 deg. min™ and angular of scan (20) (4° to 60°).

The optical events such as transmission (T), and reflection (R) of the evaporated
layers were recorded at T =27 °C and atmospheric pressure with non-polarized light in
the scope of (A=300-2500 nm) utilizing a scanning spectrophotometer of a double beam
(UV-Vis) (model: SHIMADZU UV-2100) united to a computer.

RESULTS AND DISCUSSION

1. Structural analysis of the As-Se compound

Figure. 1 reveals the X-ray diffracted charts of the quenched AsySeigo.x cOmpositions
ranging from (x =5-50 at. %) in the bulk form. The patterns revealed amorphous structure
for the prepared glasses with two main diffraction humps. Fig. 2 reveals the X-ray
diffracted charts of the evaporated AsxSeino-x thin films at room temperature. We couldn't

identify any peaks indicating the non crystalline structure of the prepared films.
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Figure 1: The XRD patterns for As,Sejqo.« alloys.
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Figure 2: The XRD patterns for As,Seigo.« thin films.

1.1. Structural parameters of AsSe glassy alloys

Preparation of chalcogenide glasses depends on experimental circumstances as the
atomic ratio of the used elements, quenching rate, heating program etc. Nonetheless,
there are some parameters can give us a previous insight either the target material can be
prepared in glass form or not. Parameters such as the average coordination number (r),
overall mean bond energy (E) and average cohesive energy (CE). For binary compounds
As,Seioo-x the average coordination numbers (r), the total constraints number (Ncon), the

floppy modes fraction f, and deviation of stoichiometry S can be expressed as [14-17]:

(ry = (XN* + (100 — x)N** )/100 )
N,,, = (gm - 3} )
f=(2—§<r>j ®)
s - Q00— IN )

Where Nas and Ng, are the coordination numbers of arsenic and selenium, respectively, as

listed in Table 1. The calculated values of (r), Ncon, f, and, S are presented in Table 2.
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Tablel: Physical properties of the constituent elements [18]
Property As Se
Atomic number 33 34
Atomic weight (a.m.u) 74.92 78.96
Density g/cm?® 5.7 4.79
Melting point (K) 814 217
Coordination number (N*) 3 2
Electronegativity () 2.18 2.55
Bond Energy (Kcal. mol™) 32.1 44.04
Table 2: Physical parameters of As,Seoo-x Systems.
Physical 5 10 15/ 20 25| ¥« |35 £ o X
parameters
() 205 (21| 215|222 |225| 23 |235| 24 | 245 | 25
N 1.025|1105| 107 | 1.1 | 112 | 115|117 | 1.2 1.22 | 1.25
N 1.1 1.2 1.3 14 | 15 16 | 1.7 1.8 1.9 2
Ncon 212 | 22512375 | 25 | 262 | 275 | 2.87 3 3.12 | 3.25
S 'Y NEERZERA Y| Yoeo| VY YoM ean
f 0.29 |0.25| 0.20 | 0.16 | 0.12 | 0.08 | 0.04 0 -0.04 | -0.08
CE (Kcal.mol'l) 447 | 455 | 46.2 | 47 | 47.7 | 485 | 49.2 | 50.02 | 49.87 | 49.71
(E) (Kcal. mol™) | 79.1 | 75 | 70.8 | 66.6 | 62.5 | 58.3 | 54.1 | 50.01 | 56.28 | 62.53

According to Eq. (1-4). From the constraints theory [14, 15], the value (r)=2.4 is called

the rigidity percolation threshold (RPT). At (r) = 2.4, constraints number N¢on Working on

the network are counterbalanced by the freedom degree N4 obtainable for the atoms in the

network. Thorpe [19] proposed that at this value the glass structure turns into a rigid type

instead of an elastically floppy type [20]. in the present system this value is realized for

the composition AssSesp. Compositions containing As < 40, are easy to be prepared in

glassy form. Above this value the glass formation becomes more difficult as the structure
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becomes more rigid. Added to that decreasing the fraction of floppy modes, f, with
increasing As ratio reaching zero at As=40 at.%. This means that the compound becomes
more and more rigid with As expansion. Moreover, values of S for the As,Seigox (X < 40)
glasses were > 1 indicating chalcogen-rich compositions and < 1 for compositions with x

> 40 indicating chalcogen-poor ones.

1.2 Bond distribution, bond energy, cohesive energy CE and overall mean bond
energy

The chemical-bond approach (CBA) suggested by Bicerano and Ovshinsky [21] is a
reliable method to calculate the predicted bond distribution at different As-Se alloys . The

heteronuclear bonds energies (Ea-g) were calculated using Pauling's relation [22 ,23]:

Ear :[EA-A . EB-B]0'5+3O(ZA‘ZB)2 (5)

Where Ea.a and Egg are the homonuclear bonds energies in Kcal./ mol. unit, y» and ys
are the electronegativties of the constituent elements A and B respectively. The numerical
estimations of the homonuclear bonds and the electronegativity [18] for the arsenic and
selenium are shown in Table 1. The expected bonds to form in the As-Se compound are
Se-Se (44.04 Kcal./ mol.), As-Se (41.68 Kcal.mol™), and As-As (32.1 Kcal./mol.).

The cohesive energy (CE) is defined as the energy of stabilization of an infinitely
large cluster of the material per atom, which can be calculated using the values of the
bonds energies of different bonds involved in the AsySeigox (X=5-55 at. %) system. The

CE of the as-quenched glassy alloys is estimated from the next relation [24]:

CE =>.Ci Di /100 (6)

Here Ci and Di denote to the number of expected bonds and the corresponding bond
energy, respectively. We can notice that the cohesive energy increases with increasing the
As content up to 40 at.% and decrease for higher Arsenic content, as illustrated in Table

Y. Estimations of the overall mean bond energy (E) of the AsSe glasses were calculated
by [25]:

(Ey=E.+E,, (7
where E; is the overall contribution towards bond energy introduced by strong
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heteronuclear bonds [26]. The second term in Eq. (7), Erm, is the contribution arising from
weak bonds which remain after all strong bonds have been satisfied [27]. The evaluated

numbers are listed in Table Y.

2. Optical results
2.1. Optical constants of arsenic selenium films

Variation of reflection and transmission of the AsySeip-x (5 < x < 50) thin layers
in the scope of (350-2500) nm is presented in Figs. 3a. From Fig, 3a, we observed
distinct interference fringes. The transmission spectra reveal large intensity approaching
83% at longer wavelengths. The intensity of the observed fringes starts to decrease
gradually as the absorption event starts to occur within the film until it approaches zero at
the edge of the band gap of the evaporated films. Additionally, the transmission spectra
show a clear shift to the longer wavelengths as the As concentration increases from (5 to
40 at. %) and blue shift for compositions containing As > 40 at. %. Such changes refer to
the compositional dependence of the band gap of the deposited films. A graphical

representation of the envelope method is illustrated in Fig. 3b.
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Figure 3a:The spectral distribution of T and R for As,Se;g.« thin films.
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Figure 3b :A graphical representation of the envelope method

Swanepoel [28-30] has stated that the refractive index of the amorphous films can
be obtained utilizing an envelope method. The spectral trend of the n is obtained from the
transmittance spectra of the deposited films in the non-strong absorption areas as shown
in Fig. 4. The spectra of n may be fitted to the entire wavelength range using different
dispersion relations such as, n = 4 + B/A* (Cauchy relation). Additionally, Fig. 4 shows
decreasing of the refractive index with increasing wavelength. Moreover, it is obvious
from Figure 4 that n increases gradually with raising As concentration until it approaches
its highest value at As=40 at.% and then n decreases for compositions containing As>40

at.%.
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Figure 4: The change of refractive index with wavelength for As,Se;o.x films.
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2.2. Single oscillator calculations

In higher wavelengths (normal dispersion in IR region) and according to Drude-
Lorentz model, the real part of the complex dielectric constant ¢ is related to A as fellows
[31,32]:
n® =g — Ne? /47r20250m*(/12), (8)
where g, is the lattice high frequency dielectric constants, e the charge of electron, c the

light velocity, ¢, the free space dielectric constant, N/m* the ratio of free carrier

concentration N and m™ is the effective mass.

The plots of n? vs. 4% is illustrated in Figure 5 for evaporated As,Seigo.x films.
Using Eqg. (8), the intercept and slope of the linear fits of these plots were used to yield
the ¢ and N/m™* ratio values, respectively.

In the transparent region, the n dispersion behavior may be understood on the

bases of the single effective oscillator model [33, 34], as described by the next relation:

E,E
n’ =1+ -9 9
g )
where E, and Ey4 symbolize the energy of single oscillator and energy of dispersion,
respectively. Plotting 1/(n* — 1) vs. (E)? (Figure 6) yields straight fitting lines with slope

of 1/(EoEq) and intercept of Eo/E4 , which allow us to figure out the Eg and E4 values. The

static dielectric constant (s,) was calculated by means of (1 +§—d) The energy of
o]

oscillator E, considers as an average energy gap, it changes proportionally with the
optical band gap as Eq~Ey/2 .

Another dispersion relation was proposed by Sellmeier [35] to describe the
refractive index relationship to the wavelength:

2
2 :1_520120/12 (10)

where S, and 2, are the average oscillator strength and wavelength, respectively. The
parameters J, and S, were obtained from (n> —7)"* vs. 1/4% spectra (Figure 7). The

extracted values from Egs. (8-10) are listed in Table 3. Figure 8 represents the variation
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Figure 5: n? vs. A% for As,Se;qo.x thin films
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Figure 6: (n®—1)"" vs. (hv)* for As,Sey.x thin films

E, as a function of arsenic concentration. We noticed a decrease in Eq values with
increasing in arsenic content up to 40 at.%. The parameter Ey is associated to the average

molar bond energy of the various involved bonds in the compound [36]. Thus, this
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behavior is ascribed to replacing the Se atoms with As atoms, that leads to increasing the
number of As-Se weaker bond (41.68 Kcal. mol™) at the expanse of the basic matrix
bonds of Se-Se (44.04 Kcal/mol). Following the graphical representation in Fig. 8, at
As>40%, the numbers of E, increase with raising As content.
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Figure 7: (n®—1)" vs. A for As,Seino.«thin films
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Figure 8: Relation between the single oscillator energy and As concentration
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2.3. Calculation of the absorption coefficient, band gap, and extinction coefficient
Figuring out the refractive indices values from the Cauchy relation [37], we can

calculate the absorbance A(4) from the interference-free transmission spectra, using the

an equation presented by Connell et al. [38]:

_ p+[P?+2QT, (1-R,R)I"*

) Q

where P=(R;-1) (R2-1) (R3-1), Q=2T,(R1R2+ R1R3- 2R;1R2R3), Ry is the air-film interface

reflectance (Ri=[(1-n)/(1+n)]?), R, is the film-substrate interface reflectance (R,=[(n-

s)/(n+s)]?), Rs is the substrate-air interface reflectance (R,=[(s-1)/(s+1)]%) ,and T, is the

A

(11)

geometric mean of Ty and T, [28], Te=( Twm Tm)®°. knowing the film thickness d , the

values of a may be derived by solving the relation A = exp(-ad).

Extinction coefficient is described by kex=aA/4z and employing the values of «
and A we calculate the values of k. Figure 9 shows the relation between « and photon
energy, while Figure 10 shows relation between k and wavelength for AscSe;oo-x films.
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Figure 9 : Variation of (a)) with the (hv) of As,Seigo.x films
The spectral distribution of a is sectioned into two parts: High (a > 10* Cm'l) and
low absorption region (a < 10* cm™). Urbach tail is usually located within the low

absorption region [39], where a is described by:
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av)=a,exp(hv/E,) 12)

Here h is the Plank constant, /v is the photon energy, o, IS a constant, E. is the width of
the band tails of the localized states in the band gap. Therefore, we can determine the Ee
values for As,Seipo« films by plotting (Ina) vs. E as shown in Figure 11, . The values of
E. increased with raising As content. This behavior is ascribed to the increased disorder
within the system that participates in lowering E4 value with raising As content up to 40

at.% beyond this value, the band tail width (E.) decreased.
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The second part of the spectral distribution absorption coefficient range starts at
a >10* cm™ and called the high absorption area. This region defines the optical band gap
as it includes the optical transitions between extended states in both valence and
conduction bands . The optical band gap was realized according to Tauc's relation [40]:
(ohv)= B(hv— E, )r (13)
where B is constant depends on the transition probability and Eg is the optical band gap of
the specimen and r takes different values depending the involved type of transition within
the film.

In order to decide the type of transition we have to test all the above values of r to
find the relation which gives the best linear fit over the energy range above the absorption
edge. The type of transition was found to be indirect allowed (r=2).

Plots of (a/v)*®° vs. hv for As,Seigo films are shown in Figure 12. As we can see,
Ey decreases with increasing As content up to 40% then increases for compositions
containing As >40%. The reasons of the decrease of Eq for AsSe films (up to As=40 at.
%) can be explained in relation to Mott and Davis approach and the structural theoretical
calculations. According to Mott et al. [41], the degree of disorder and defects existing in
the amorphous structure is defined by the localized states width close to the mobility
edges. By adding arsenic, the As-Se bonds are created, that might deliver a more defects
in the matrix. Such defects create localized states near the mobility edges. For films
containing As<40%, the As-Se bond concentration and subsequently the width of band
tails (E¢) widens that causes the observed reduction in Eg4. In addition, the basic matrix
contains only the Se-Se bonds (selenium chains). By adding arsenic, the As-Se bonding is
developed that leads to a shortage of homopolar Se—Se bonds. Thus, the numbers of extra
bonds of Se-Se for each composition of the As,Seigo-x System diminish as the As content
raises, which is accordance to reduction in the Ey values . The decrease in energy gap
values may be related to the reduction of extra homopolar bonds as the selenium has
energy gap (1.95 eV) higher than the band gap of arsenic (1.1-1.2 eV) [42], i.e. the
average bond strength of the composition weakens. Similar behavior was reported for the
system Segox T€20Bix [43]. Moreover, the decrease in Eg may be asserted by the reduction
in the overall mean bond energy {E). The relation between band gap and (E)is illustrated

in Figure 13.
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Figure 13: Variation of the Eq and (E) as a function of As content
On the other hand, the increase in optical gap values for compositions containing
arsenic content higher than 40 at.% can be interpreted using average coordination number
and fraction of floppy modes within the glassy system of AsSe. At As<40 at.%, system
undergoes floppy state (where (r) < 2.4), that implies high density of defects which in
turn will affect the band gap. At (r)=2.4, the alloy is consisted of entirely cross-linked

bonds (As-Se) without any excess of Se bonds in the alloy. More important, the system
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changes from floppy state into rigid one. Thus, at (r) >2.4 we can expect increase in the

band gap as the fraction of floppy modes decreases.

Table 3: optical parameters for AsxSeigox thin films

As  EMOE Eo Ea Sox10° 2k & & (N/mx10%)
(at. %) (eV) (eV) (V) (eV) (m?  (nm) m2.Kg™*
o YAy Vet §.Y  YoVY 405 TYY)Y  £40 ¢4y 2.85
e YA YY) Y 40 Y1) 408 YYoeo oY oV 3.38
Yo YAY YT YAa. Y1Y¢ 4.09 YY4 A oYo o014 3.65
Yo YY1 Y Y AY Y1.1¢ 4.18 YY.¥ oYY oY, 3.91
Yo Y.VY < \Yeo ¥ AT YV «1 425 YYYY o0¢4 o ¢y 4.12
Y. AT S SR ¥ v AY YWY 4.26 YYo ) ooA o049 4.34
Yo YAV 29 Y AC YW EY 435 YYo¥ oA o0A 4.53
10 YA Yo Y YA YWY AN 4.36 YYA « o VYA 0o1A 4.60
¢o YYe VY E Y A \Y. o) 4Yo YYo ¢ oV. 0o1) 4.46
O Y VYE <Y1 Y AY YW oY 431 YYY Y o0t o ¢ 4.22
CONCLUSION

Glassy AsySeigo-x alloys were prepared by using the melt quench method. The

XRD analysis revealed non crystalline nature of the quenched glasses. The optical

analyses of the semiconducting AscSeipox films (x =5-50 at.%) have been done

employing the data of T(A) and R(A). Through this study we adopted Swanepoel's method

to determine the different optical parameters of AsSe films. The optical study of the

As,Seinox thin films reveals that n increases, while the indirect band gap changes from

1.91 to 1.77 eV with raising arsenic concentration upto 40 at.% and increase for films

containing As >40 at.%. The behavior of the refractive index dispersion and its
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dependence on composition of amorphous AsySeig-x thin films were studied using the

single oscillator model.
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