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Optical properties of Pb doped ternary Ge-3b-Te chalcognide fims prepared by thermal evaporation have been studied in
the visible and near-infrared spectrel regions. The streightforward analysis proposed by Swanedoel has been successfully
employed and It nas allowed us to accurately determine the refractive index and extinclion coemcient of the nims. Ihe
refractive index has been determined from the upper ancd lower envelopes of the transmission spectra. The absorption
coefficient and extincton coefficient have been determined from the transmission spectra in the strong-absorption region.
The dispersion of the refractive index is discussed in terms of the Wemple-DiNDomenico single oscillaior model
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1. Introduction

Amoiphous chalcogemde glasses [oin an wmileresig
class of non-crysmalline materials owing to their excellent
transnutiance in infrared region, continuous shift of
optical-zhsamption  edge.  large  reflectivity  difference
between amorphous and crystaline states and high
refractive 1ndex. The correlation betweea the above
properties with chemucal composition enable us to tailor
these matenals for nse i optical fibers, filters. anti-
reflection coatings. data storage devices and a wide varnety
of optical devices [l-4]. The range of photo-mnduced
changes thet chalcogemide glasses cxhibit such as
photodecomposition. photocrystallisation, photoinduced
meorphological changes, shotovaporisation,
photopolvmerisation. photodissolutton of certamn metals
and photovitrification, light-induced changes in local
atomic configuration and absorption-cdge shafis. offers
possibility of using these materials m the fabrication of
various optical devices [3]. In general, these phenomena
are associated with sigmificant chang=s 1 the optical
constants. Therefore, the accurate determination of the
optical constants of these matersals with a simple
technique is mmportant, not only in order to know the basic
mechanisms underlyving these phenomena, but also to
exploit and develop them for interestung technological
applications.

Recently, steichiometric ternary chalcogenide alloys
based on G=-Sb-Te have been successfully applied m
commercial optical disk for dara storage [6]. Ge;SbaTes
(GST) 15 of great interest because of ifs extensive use in
phase change memories [6, 7]. Due to its (i) faster
crystallization, (1) large tesistivity
difference between amorphous and crysialline states, GST
DVD-RAM and PCRAM

reflectivity  and

(Gaads auolicalion 11

..... application 1
[3. 4. 8]. Amorphous-crystalline transformation in GST is
fast and stable due to the absence of the rupture of strong
covalent bonds during the above process. The Te sub

lattice as well as the structure around Sb atoms 1s partially
preserved in the amorphous state [9]. Several workers
have reported the impunty effects on (e, 5h, Te. alloy [8
10-13]. Impurity addition m  Ge,Sb;Te; alloy has
impeortance in fabricarion of materials with desirable phase
change properties.

Swanepoel’s method for detsrmuning the opucal
constants, 1sing  only  the fransmission  spectra,  1s
particularly useful because it accounts for a possible lack
of film-thickness uniformuty [14]. This metheod is based on
the upper and lower envelopes of normal-incidence oprical
transmission spectra and takes mto account the spectrum
compression. i.e.. increase of mimma and decrease of
maxima of iterference cansed by film-thickness
variations across the light spot defined by the
spectrophotometer beam. In the present work, a systematic
study on the etfect of composit:on m Pb doped GeaShy Les
system on the opucal constants calculated using
Swanepeel method has been carried out.

2. Experimental

Bulk Pb.Ge,, Sb,Te;s (x = 0. 1, 3) alloys were
prepared by melt quenchmg techmque lhe constituent
elements (99.999% ponty) were weighed according to
their atcmic percentage and were sealed 1 a quartz
ampoule (length ~10 cm, nternal diameter ~6 mm), in a
vacuum of ~107 mbar. The sealed ampoule was kept in a
vertical furnace for 48 h and the temperature was raised to
1000 °C, at a rate of 1 3°C/mun. The ampoule was rocked
constantly to ensure homogeneous mixing of the melt.
Finally, the ampoule contaming molten alloy was
quenched in ice-cold water. The bulk material was
extracted from quartz ampoule by dissolving the ampoule
in HF+H; O solution for atour 48 h. Ingot so obrained was
crushed mto fine powder.
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Thm films of the above-mentoned Pb:GeStTe alloys
were prepared by thermal evaporation method using Hind
High Vacuum Coating Unit (Model Wo. 12440) Well-
clean=d glass slides were used as subsirates. The substrates
were maintained at room temperamire during deposition
and the pressure i tae chamber during the deposition was
telow 107 mbar. The films were left msde the vacunm
chamher after deposition for ~24 h to attain metastahle
equilibrium as suggested by Abkowitz [15]. The chemucal
compositions were determined using EDAX attached with
Scanning  Electron  Microscope  (Philips XL 30
ESEM system). The average composition of each thin film
was obtained by measuring three regions of the thin film.
The transmittance (I w.rt. amr and specular reflectance
(R) of thin films wers measured at room temperature nsing
UV-VIS-NIR specinophotoneter (VARIAN Cary 500] m
the wavel=ngth range 200-30000m.

J. Results

Refracrive fndex and exrincrion coefficient

Fig 1 cshows the vanation of optical transmission (T)
with '.‘.-'?.TelEﬂgEl‘. (.‘:_) in p‘DQG’?::SIJ:_-TEjr,_ Pb'_ gGE]ng;gTEH
and PbiGe;:8b:;Tess thin films The fringes shown m the
plet are formed due to constructrive and destructive
inrerference of light reflected from the surface and film-
substrate interface. In thz region of fringes the film
kbehaves as partial transparent film. The small fringe
amplitude represents the swong absorption. amplitude
cloze to maxuna reprasents mednmn absorption and the
parallel set of maxima and minima represent completely a
transparent  wavslength  region. The parebolic
inrerpolation of neighboring exiwemss has been carried out
o deternune th: maxinmm and minimmum envelopes Ty

(A) and T}, (A) respectively m the transparent region. The
set of maxima and minima so obtained were nszd o
calenlate refracthiva indew #; and vanation in thickness /d
in transparent region using transcendental equations miven
by Swancpocl [14] with the help of Newton-Faphson
iterative method.
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Fig. 1. Transmiszion speciva for Fb:GeSETe
rhaleogenide thin jilms

Thz thin film thicknzss § measured using surface
profiler (lable 1) were vsed to calculare the “order of
intarference” my, nsing relation ?nd =mi The acenracy of
the film thickacss and henee the accuracy of the refractve
index 15 significantly increased by aking the
corresponding exact ntegzr or half intezer value of m.
Then oy and m were then used ta ecalculate the final
refractive mdex value n The values of my. m and d, arc
also listed in Table 1.

Tabla T Valwesaf A, Tag T d amd n for the thrae different compasition af Ph-(zaShTa thin films

A Ty T Ja 1y iy m 1

[nm] [nm]
Pb Ge, 5b,.Te,,
2321 0.734 0.330 61 4138 6.20 4| 4133
1992 0.734 0203 45 4420 433 35| 4.420
1727 0333 0.263 51 3.240 317 3| 3.240
1571 0446 0.202 44 5.8158 255 25| 6.816
d="7144nm, d,="/0112nm
Pb; sGeyShasTese
2396 0.786 D.301 51 4232 499 4 4.232
2177 0786 0.290 42 4265 388 35| 4.266
1900 0.666 0.298 53 45256 319 3| 4526
1717 0.587 D241 45 5.250 266 25| 5.250
d=8152n0m, d = 756678 am
Pb.Ge,,58b,,Te,,
2316 0./94 0.286 41 4352 6.12 45| 4.6/35
2006 0676 0250 47 4.805 520 415112
1805 0.600 0.221 42 3.4256 413 33| 5976
1616 0341 D.186 43 5.717 325 3| 6.656
d =865.5nm, d,="/98.0/ am
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The refractive index valnes obtamed can be fit to
Wemple DiDomenice (WDD) [17 18] dispersion
relationship. It was the first approach that attached
phvsical sigmficance to the parameters, 1.2, to the single
oscillator model:

; EE,
gl@)=n (o) =1+ ——— (1
£, —{lw)

where ¥V = /2) (/1 15 Plank s constant), @ 1s the frequency,
g4(cd) 15 the real part of the complex electronic dizlectric
constant (8 &) = &(@) + 1&(a0), £, :s the single oscillator
energy, which is 1id=ntified with the mean transition enzrgy
from the valencs band of lone-pair p-states to conduction
band smates. E; 15 the oscillator srength or dispersion
enerzy. Above equation can be written &s:

(" =1) ' =E,/E,; +(E,E,) (o) )

The straigh: line fitting (#*-1)" vs (h@)* plot enables
us to determine E. and E; directly from the slope. (E. Eg™.
and the intercept on a vertical exis. E/E,; respectivelv.
The mse: m Fig. 2. shows least square fit for
PbyGeyShyaTesy thin film The straight Lne equation
corresponding to least square fit for PbyGe105b2aTess film
is, (n*-1)70 = (0.0693 £ 0.003) — (0.0263 £ 0.005) (hav).
The values found for WDD dispersion parameters E, and
E,; calculated from above equation are E, = 1.63 =V and
E; = 2361 eV. The WDD refractive index dispersion

curves, for the composition PbyGe,SbyyTess 1s shown m

Fig 2.
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Fig. 2. The variation of refractive indexr (2 against

wavelength (1) nm, for Pb:GeSbIe chalcogeniae thin

Sfilms, imset shows the Plor of refractive-index factor

(=1 versus (). (elV for PbyGeShi.dess
chalcagenide tiim fim.

The absorbance x, was obrained

Trmsycmiacsd ey avieen antalama T S35 T1RT Th
[EREFE RN R A S TS W TS Rt § R R

using  the
Ty A [16] The absorprion
coefficient @ of amorphous semuconductors, in the high
absorprion region, is given according to Swanepoel [14]
by the following equarion:

«- I}fd )m(}ﬂ @)

The absorption coefficient @, obtamed was used tc
calculate the exbtnctien coefficeent & by using

relation ¥ = o/ _,r’r4?r . Fig. 3 shows the variation of

cxiinetion cocfficient © with the wavelength (AL [n the
high absorption rogion, mvelvmg indircct interband
transitions between valence and conduction bands, o
follows the relation:

o =B(hv - E.F) hvy (4
where E.%" is the optical band gap and B 1s a constant,
which iz a measure of the extent of band tailing [20] A
plot of (ain)'” versus hv gives a straight line, whose
intercept on the energy axis gives £, (Fig. 4).
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4. Discussion

Besed on single oscillator model. Wempls and
Didomenico put forward a s empirical relation for
defermining the optical parameters at photon energies
helow the mterhand absorption edge [17] Relating the
Kramers-Kronig relation [27] for the real part of the
dielectric function to relation (&) = &(@) + is{@). we
can have insight into the physical meaning. The paramerer
E, and E; are given by

. M.
E=
Fes _3

ane

£ ==
T M.,

where A ; and M: are moments of the (@) spectrim
Valuzs for My and M.: for all compesitions under
mvestigation are also grven in lable 2. As we can see from
equaticn (5), E, is independent of the scale of &) (the
rumerater and denominator are of the same power); thus,
the oscillator energv 1s an ‘average energy gap. From
Table 2. we can compare the oscillator ensrgy I, and
cptical band gap £,*". and w a good approxmmation K,
varies in propertion fo the optical band gap E., as was
carlier found bty Wemple and DiDomenico and later by
Tanaka., Kosa et al in AsS chalcogemde svstem
[17.19.22].

Table 2. Values of oscillaror energy (E,), oscillator strength (£, static refractive maex (n,). cation cocrdination, mumbar (N,

optical band gap (E.F)

and mowenis 3, M 5

EH,
Composition F. E; (e\) Mo N N F;'p'- eV M M
(V) Brawenr | Ref 73]
work
PboGennShraTess 1.53 2361 394 33 345 0.39 0.43 1449 | 546
T, oGeoShagTess 1.72 2644 | 405 73314 041 044 1521 | 538
Ph.Ge-55hsyglegs 1.83 3044 4.20 20 350 0.44 (.39 1607 | 200

Whereas, £; depends on the scale of &£(@) and thus
serves ag a measure of the strength of interband irensitions
The dispmision cuegy Ej; obeys a simple einpmical
telation.

E dzfiﬁ\'r LN (6]

where 15 a constani, and according tc Wemple [18]. for
‘covalent” crystalline and amorphous materials has a value
of = 037 £0.05 eV, N_ 1e the coordination number of the
‘cations” surounded by “amon’, Z; 1s the foimal chenmeal

valence of the anion and N, 15 the effective number of

valence electrons peEr  aniof. In  particular
Pb, ;Ge;SbysTesy, from the wvalne of E; obtained. and
assuming Vo= (1 6x4+10¢ x4 + 26 % 5+ 34 = 6)/ 54 and
Z, =12, the correspondmg N, 15 & 3.73. This value is well
mn agreement with the theoretical coordination number
cxpected, 1o, rewriting the composition under study in
(Pbgy::Gegasby s-lysTesy  coud  be  considered  as
hypothetical cation whos= coordination number would be
N®-0035~4+04 =4+ 57 %3 —341 Frow Table 2
we can see that B, increases with wncreass in the Pb
content. Thic would mean that the incorporation of Pb inte
GET increases one or other of the quantities on the right-
hand s:de of equation (5). The mcorporation of Pb mnto the
structure results in an incrcasc in the oscillater streagth
Since Pb belongs to the same group as that of Gz, thus «o
appears as a cation in the struetvre, Z, = 2 ramains valid
for all samples. As Pb prefers o form covalent bends in
the present structure. thus the nature of chemical bonding
remaws same, F= 037 £ 0.05 V alse remains valid for

all the compositions. For this reason, it is rzasonable to
assnme that average cation coordimation 1s predommately
affzcted by adding Pb to structure. The assumption seems
very much true. as we can sez a reasonable merease m
cation coordmation number NV, with Pb addition [Table 2].

Although coordinatcn number N, 1s not exactly same,
but 13 verv clese to theeretically calevlated ccordmnation
pumber N.™ Smnll difference in cxperimental  and
theoretical values of coordination mumber is due to the
presence of Ge-Ge and Sb-Sb homopolar bonds, ac
previously reportad by M<rquez et al. |28]. Thes accuracy
ol caleulaton can alse be conmmed by companing he
aptical band gap E,* calcvlated in the present work from
transmission data with the cptieal band gap E.¥ calculated
vsing both transmission and reflection data [23].

When a beam of light travels through any mat=rial the
electron clouds of the censtituent atoms
cscillating field of Light beam at the same frequency. It
resulic 1 2 decrease of the velocity of light through the

vibrate with

materzel (F1 =V, /f-“n;argn:r.t ). Thiz means that the

refractrve index » (the real part), s grater than vty With
waecasing Oequency  he elecaon douds of aloms wac
driven more rzpidly and light beam undergoes a further
decrease 1n its velocity, thereby increase i ». That 15, »
decreases with increase in wavelength. Simultaneously,
the charge clonds develop an increzsingly significant fime
lag compared with the drrving frequency of the light beam
and results in some absorption of the light 2nergv. Lhis
absorption ie expressed as the imammnary part of the
refractive mdex, & The overall refractve index, N, is
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mumber V — it +ik. The
dependence of optical parameters 1¢ shown 1n Figure 2, 3
and 4 for all the films under study. It has b=en observed
that the value of refractive mdex » as wzll as extinction
coefficien: I decreases with incrzass in the wavelength. A

stmilar trend has also been observed by [24-28]. A shight

complex compositional

increase in static refractive index 7, = ,J1+EH JE, .

has been observed with increase in the Pb content a:
shown mm Table 2. This can be explained byv the larger
electronmic  polanzebility of Pb  atoms, with easily
polarizable electron clouds having a covalent radius of 147
pm. in comparison with electronic polarizabilities of Ge,
Sb and Te atoms with smaller covalent radn of 122 pm,
138 pm and 133 pm, respectivelv. Electronic polarizability
can be theught of 1 teins of the looseness o lzhiluess of
the electron charge cloud [29]. The high polarizability
means that there is greater displacement as the electron
cloud vibrates and the greater doving force of the applied
oscillating fizld, the Lght, results in greater retardation
[29]. A sumlar explanation has beea reported for
(Asys3Spsimzle: and GegSbaSs by Marquez et al
[28. 30].

&. Conclusions

Swanepeel’'s method was used to determine the
optical constants (7 & and E;™) for Pb:GeSbTz films. It
was necessary tc account for the non-uniform thickness of
the thn films m order to accurately determine optical
properties The refractive index and the single-oscillator
parameters were calculated using WDLD method. We found
that Pb incorporation results in an increase of refracive
mdex n, which 1s successfully explained with larger
electronic polanzability of Pb atoms 1 comparisen to Ge,
Sh and Te atoms Both » and & were found to decrease
with the increase in the wavelength.
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