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ABSTRACT

The A-dependent optical refractive and extinction coefficients n and k of
oxidesthinlayers(Sb,0,, SnO,, ZnO and WO,) have been determined from
experimental measurement of reflection R(1) and T()) transmission ratios
within the Ultraviolet-Visible-Near-Infrared (UV/VIS/NIR) domain (300-
1800nm). This study allowed deducing (1) and ¢,(A) expressions.
Exploitation of results concerning their variations enabled estimating the
plasma pulse o, the relaxation time t, the dielectric constant &, and
susceptibility y.. Furthermore, opto-thermal and mechanical investigations
have been carried out and discussed relatively to the already established
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optical and thermal characteristics. Comparison confirmed the recently
conjectured advantages of Sb,0, interms of both mechanical and electrical
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INTRODUCTION

Transparent conducting oxide (TCO) have been
recently investigated for their interesting optical,
mechanical and ectrical performance®4. Thelastly
recorded>*4 optical transparence (up to 80%) inthe
visible domain, parallel to an good electrical
conductivity!*>19 |ed to numerous applications of these
materials in the new generation of opto-elecric
devicegt 19,

Among thetransparent conducting oxide (TCO)
materids, indium oxideIn,O,hasbeenwidely used as
ahigh-conductive, physicdly stableand chemicdly inert
semi-conductor?24, Thanksto its high transparency
inthevisibledomain®24, In O, hasbeen preferentialy

used in optoel ectronic devices such assolar cellsand
liquid crystal displays. Nevertheless, its abundance
decreased drastically (510 tons as reported by U.S.
Geological Survey 2008) with the last decades’
exploitation.

In this context, other relatively abundant metal-
oxides have been tested and proposed as alternatives
toIn,0,(TABLE 1%9)

TABLE 1 : Elements abundance in earth

Indium Antimony Tin Zinc Tungsten
(In) (Sp) (S (zn) (W)

0.05 0.2 22 75 160,6

Elements

Earth’s Crust
Abundance (ppm)

This paper considers the fabrication and the
comparative characterization of some oxides: ZnO,
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SnO, WO, et Sh,0, with perspectivesfor new related
doped TCO materia §2627.

Theseoxides whicharemeant toreplacethe presently
used In,O,, havewidebangaps (E >3eV)*, and have
been satisfactorily used asanti-reflection, anti-glare,
anti-static and conductive material §2°%,

Commonly, these oxides could besynthes zed usng
several methodg®># likereactive evaporation, pul sed
laser deposition (PLD), electron beam evaporation
(EBE), chemical vapor deposition (CVD), sol-gel
coating, and chemical spray pyrolysis.

Inthispaper, aglobal approachtoidentify physical
constants of antimony (Sb), tin (Sn), zinc (Zn) and
tungsten (W) non-doped oxides, fabricated usng alow-
cost spray pyrolysis setup, is used. Correlations
between optical, optothermal and mechanical
parametershave been proposed asguidesfor industrial
goplication.

EXPERIMENT

Oxidespreparation

ZnO SnO, and WQ, thin layers have been
prepared by thetechniqueof chemica reactivetechnique
inliquid phase spray. The obtained layers’ structural
and morphological properties, aswell assynthesising
details, have been recently published“>+7

However, due to toxicity of antimony in a wet
medium, antimony oxidethinlayerswere prepared by
thermal evaporation followed by 24-hoursannealing
under air (not 2 hours as mentioned before“®). The
filmswere deposited on 1 x 2 cm? glass substrates. Sh
(99.98 % of purity) thin films were obtained by
evaporationinaHV chamber using arelatively low
pressure of the order of 10-10° Pa. Consecutively,
the as-obtained Sb,O, films were annealed in air
atmosphere under temperaturesvarying between 400
°C and 550 °C.

Characterization techniques

Theoptica transmissonand refl ection measureshas
been achieved by means of a spectrophotometer
(Shimadzu UV 3100S) dotted with anintegrating sphere
(LISR 3200). The spectrophotometer consists of
doubl e-beam monochromator with enough energy to
make several types of accurate measuresin awide
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wave-length range (220-1800 nm). Themorphologica
investigation along with hardness measurementshave
been performed in the MA2I Laboratory (ENIT,
Tunisi@). Thetestsconsisted of hittingthetargeted face
of each sample by a common diamond-pyramidal-
indenter under aprefixed |oad. The obtained imprints
dimens onswere subjected to geometrica standardized
analyzesyielding ascaled va ue: the Micro-Hardness
Vickers(Hv).

RESULTSAND DISCUSSION

Optical properties
Optical refractive index n(A) and extinction
coefficientsk())

Figures 1-aand 1-b show theoptical transmission
T(») andreflection R(L) spectraintheUltraviolet Visble
Near Infrared (UV/VISNIR) domain.

100 = l sb_()_l
% (@ B SnO;
80 4 D /n0O

[ WO,

Transmittance (%)

B Sb.0O,
40 - l SIIO:

B Zn0O
WO,

Reflectance (%)

T T T T T 1
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A(nm)
Figurel:R and T spectra of metal oxides thin films

Anaysisof theobta ned spectraand spectra lines

datarevealed that thefour investigated materidsare
highly transparent inthe Visible Near Infrared domain.
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As expected, the oxides high optical transparency
(H80%) is a direct consequence of their wide bandgap.
Therefractiveindex n(A) and the extinction k(L)

Sb,0,

Refractive index

(a)

T UMAR RS | T
W0 1400 W00 1800 2000

A{nm)

(= Fitting |

were cal culated using Mueller numerical method of
resol ution of nonlinear equation, Thecal culated data
of these coefficientsare plotted in Figure 2-a,b,c,d.

Refractive index

Experim. |
- =
£ SnO, £ WO;
2 : $ .
g 2
5. . E X .
(b) (d)
A (nm) X (nm)
Figure2: Refractiveindex n
il regions. TheA-dependence behavior of therefractive
by index nisin good agreement with results reported
£ o, previously on similar oxides®%5U, The extinction
g o0s coefficient k spectra, presented in Figure 3, show an
- Pl obvious decrease versuswavel ength except for ZnO
€ o0t | Fa layer. Thisexception is probably dueto the excess of
'g b A metal ionsdensity.
002 M . _ In the sameway, and for photons energies bel ow
thebandgap (E <Eg), therefractiveindex A-dependency
s 500 1000 1500 2000 can bemodelled using Cauchy® expression:
A (nm) B
Figure3 : Extinction coefficient k nA)=A+ Ia @
Therefractiveindex vauevaiesintherangefrom \WhereA and B are constants.

1.8t0 5.8 whereasthe extinction coefficient variesin
the domain [103, 10] for visible and near infrared

Vauesof A and B, for eech sample, dong with other
relevant constants, arepresented in TABLE 2.

Watarioly Science  mm—.
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TABLE 2 : Values of A and B (Eq. 1) for each sample, along
with other relevant constants

Oxyde A  B(hm? Eo(eV) Ed(eV) Ao(nm) So(nm?) Eg(eV)
S0, 1,616 339640,82 7.97 24.13 15558 1,2510* 3.92
SnO, 1565 12713765 6.94 1441 17867 65.04.10" 3.60
ZnO 1,708 23239557 6.56 14.38 189.02 61.35.10" 3.20
WO; 1,749 27135758 6.20 20.67 200.00 83.34.10* 3.30

Dielectric constants g(A), €,(A) &,(A) and x ()

Using then and k calcul ated val ues, thedielectric
constants e, (A) and ¢,(A) are deduced>**4 according
to the relations:

&(h) = (") - k(X)) =&, (A) +ie, ()

&,(M)=n(A)’ —k(&)’ 7
€,(A)=2n(A)k(A)

In the infrared region, where mt<<1 and n>>>k2,
g,(1) and ¢,(A) can be expressed in terms of the

12 4
0 Sb.0,
(a) B Sn0;
o~ 193 B Zn0O
~ "d AWO,
g -
I 5
N: ; R
-
I %,
- 4 .
. T 4
W
2.
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wavelength A as®3:

2
£,0
81(}‘)=eoo_4nchz 2‘2
2
£,.0 ©)
g,(A)=—2°
2(2) 4m’cit

wheret is the relaxation time and €, isthehigh frequency
limit-valueof thedie ectric constant.
Inthe sameline, the plasmafrequency o, isgiven
by(>4:
o2 = 472Ne?
g, m, )

where: Nisthechargecarriersdensity and m; isthela
effectivemassof thechargecarrier.

TheA*-dependent variation of ¢ (1) dongwiththe
A*-dependent variation of £,(1) are gatheredin Figure
4-aband Figure5-a,b

0.4 4
! (b)
) B Sb0,
"N’:‘ 0.3 B 5n0;
= B ZnO
@\ II WO,
Il o2 -|
I .
(o]
W 0
0.1 A gy qma
k: Jfé‘st» s T RS
LI Ll B . v e
0.0 4

T T L e T S
0 200 400 600 800 4000 1200 1400 41600 1800

A (nm)

Figure4: Dielectricconstant €, and g,
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Thevauesof ¢, and ®, deduced from Figure 5-a,
along with those of t deduced from Figure 5-b are
presented inTABLE 3.

TABLE 3 : The values of the main parameters deduced from
Figure5-aand Figure5-b

o
Oxyde Eg(eV) ®p(10"s") 1op(10™9)*  g(c0) Né_rpcrlnt_)s %A
Sh,0, 3.92 1.024 3.55 6.0 2177 0.4
Sn02 3.6 1.12 0.329 3.84 1.663 0.1
ZnO 3.2 1.158 0.103 4719 218 0.13
WQO3 3.3 0.941 0.353 5915 1.0808 0.18

*The susceptibility values y, investigated at the extremes
wavelength range
*The relaxation time values T, investigated at the extremes
wavelength range

The A-dependent expression of the dielectric
susceptibility  isdeduced using therelaion established
by Spitzer et al .*%:

Ne?

* 2
—& = _4nXe

Xe=—

€

0

Figure 6 shows the variations of _ versus\ in the
spectral range 600-1400 nm.

= Sh.O,
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Figure6: Electric susceptibility x,

Finally, the studied samples refraction index
dispers on hasbeen sudied using Wemple-DiDomenico
model6%4, Thisdispersionisextremely relevant to
communication and spectral analysisdevicesdesign.
Accordingtothemodd, therefractiveindex islinked
to the photon energy through the expression:

1 EZ-(hv)?
n-1  E.E, ©

where E isthe mono-oscillator energy and E, isthe
dispersonenergy (whichmeasurestrangtionintengty).

Figure 7 shows the linear variations of (n?- 1)*
versus (hv)? for thefour samples. Thevaluesof E and
E, were deduced, for each straight line, fromthe dope
and the offset.

= $b,0,
3n|:|=
15 - -1 ZnQ
Wi
a
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3}
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~ B5- = =
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ey’

Figure7 : Wemple-DiDomenico model

Themono-oscillator mean strength § and themean
wavelength /4 have been defined through therelation:

hc E, (7)

Vaues of E,, E,, §and 4, for each sample, are
presented in TABLE 4. It hasverified that the oscillator
energy Eoisan average empirical valuewhichisthe
doubleof theoptica band gap, E e asobtained from
the Wempl e-Didomenico mode ¢4,

TABLE 4 : Values of E , E , S and 4 ,for thefour oxides.

0" —d ~0
Oxyde 64 (Qcm)? 6(0)op (Qem™) Top(10'14s)
Sh,0, 19784.57 1876 3.55
Sno, 1400.64 474 0.329
ZnO 576.14 941 0.103
WO, 976.69 82.3 0.353

*The optical conductivity values o, were investigated at the
extreme wavelength range

Optical conductivity o(A)
Theoptica conductivity o(L) expressonisdeduced
from the incident photons pulsation » through the
expression® of g(w):
io(A)
3

g(w)=¢, —

8

Watariosy Stience  mm—.
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UsingEq. 2,it comes:

o(A) =€, —% 9
Figure 8 showsthevariations of optical conductivity
o(A). It can be noticed that (1) and the wavelength
vary inanoppositeway. Thisfeature can beattributed,
for the four samples, to the high absorbance of the
excited eectrons.

1 —-—sb,0,
— s — &m0

A—7nll
- —WDJ

=] -
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14}
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b L
- & e e ma
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Figure8 : Optical conductivity

Thevauesof theoptica conductivity o, inthelow-
frequency region are compared to thosegiveninthe
recent literature®:

Net

Cgc = €280~ (20)

The critical values of the optical conductivity are
presented inTABLES.

TABLE 5: Values of the Amlouk-Boubaker opto-ther mal
expansivity y,

Oxide ZnO SnO, WO; SH,0,
was (1072 m*s™) 1822 2380 7.32 10.00
Eg(eV) 32 36 33 3%
Hv(Kgmm?) 1Hv=9.8MPa 232 368 754 775

M echanical properties

The Micro-Hardness Vickers (Hv) set of
measurements has been performed using acommon
diamond-pyramidal-indenter under a prefixed load
(Fgure8). Theobta ned imprintsdimens onshavebeen
exploitedfor yiddingthe Micro-HardnessVickers(Hv)
of each sampleasasynthetic vaue. Theobtained values
aregatheredin Figure9.

Thedifferencesnoticedin Hgure 10 can beexplained
by theincrease of the oxygen index, whichisthehighest
inSh,0,. Thislatter oxidere aively high hardnesscould

—== Fyf] Paper

aso beattributed to presence of somelattice preferentia
orientations induced by annealing, as evoked in
precedent sections. Infact, giventhat the Vickerstests
are based on theresistanceto direct penetration, the
presenceof c-axisoriented | attices (parallel to Vickers
diamond-pyramida-indenter direction, or perpendicular
to the deposit plane) is favourable to increasing
hardness.

Figure9 : Vickers hardness setup

HV

800 |

400

Vvickers Hardness

ol : ,
Figure 10 : Vickers hardness measurements

Opto-thermal study

Deter mination of theeffectiveabsor ptivity ¢ usng
theBPES

Theeffective absorptivity ¢, hasbeendefinedin
precedent studies® ¢l as the mean normalized
absorbance weighted by |(3),,,, ., the solar standard
irradiance:

[ 1) a1 x (M)A

0

a=2
I | (X)AM 1.5di 0

0

where (&), iS the Reference Solar Spectral

——, Pty Science

Au Tudian Yournal



366 A comparative investigation on optical

, opto-thermal and mechanical properties MSAIJ, 8(9) 2012

Full Poper =

Irradiance, fitted using the Boubaker Polynomials
Expansion Scheme BPESI®®-83l:

I(x)=[2lil

Boubaker polynomias™#! B, minimal positiveroots,
6_aregiven coefficients, N isagiveninteger, a(x) is

50, B, (AxB,)

0 n=1

], where B are the

the normalized absorbance spectrum and 3, is the
norméalised wavelength:

{k € [kmin 'kmax] A4 X € [0!1]

Ain = 300.0NM ;A =1800.0nm (12)

Thenormalized absorbance spectrum g(1) isdeduced

fromthe BPES by establishing aset of mexperimenta
measured va uesof thetransmittance-refl ectancevector
(Ti (R )R, (0, )] ... versusthenormalized wavelength

ol

i=1.

. Thenthesystem (13) isset:

R(X)=|: = Z():&.on xB4n(XxBn):|

2N0 n=1

L 3'g,xB,,(ixB,)
2N, 5

Where 3 arethe4n-Boubaker polynomidsB, minima

positiverootd™ ™, N isagiveninteger and& and g,

(13)

T(A) =[

are coefficients determined through the Boubaker
PolynomidsExpanson Scheme BPES.

The normalized absorbance spectrum g(a) is
deuced fromthere ation:

-1 1-rmM)Y 1-R() 2
A)=— |1 - 21
"= J(n T(A) ) +[ ’ \/T(X)] (9

wheredisthelayer thickness.
The obtained value of normalized absorbance

spectrum o(x) isafina guideto the determination of
theeffectiveabsorptivity g through (Eqg. 11).
Deter mination of Amlouk-Boubaker opto-thermal
expansivity vy, .

TheAmlouk-Boubaker opto-thermal expansivity
v, IS a thermo-physical parameter defined in
precedent studied®#3, asa3D expansion vel ocity of

thetransmitted heat insidethematerid. It isexpressed
inmds?, and calculated by:

Yap = % (15)
whereD isthethermal diffusivity and ¢ istheeffective
absorptivity (§ 3.4.1.).

Thevauesof thecal culated valuesof theAmlouk-
Boubaker opto-thermal expansivity v, ;, for thefour
samplesaregatheredin TABLE6.

TABLE 6 : Comparative hardness

Elements Zn Sn

w Sb

Hardness Scale Mohs: 2.5

Brinell: 412 MNm™

Mohs: 1.5

Brinell: 51 MNm™

Mohs; 7.5
Brinell: 2570 MNm™
Vickers: 3430 MNm™2

Mohs; 3
Brinell: 294 MNm™

DISCUSSIONAND PERSPECTIVES

The optical transmittance of the el aborated oxides
inthe near infrared region, was of the order of 80 %
and the band gap energy had an averagevalue around
3.9eV, whichisconformto valuesyielded by smilar
techniques®®, The refractive index, the dielectric
congtant aswell asthe plasmafrequency of these oxides
weredsojudgedto beat closeorders. Concerning the
relaxation time, ahigh vaue hasbeenrecorded inthe
caseof theantimony oxide Sb,0,.

Moreover, the mechanical and opto-thermal
investigationsresults werein good agreement with
both those deduced from the Wemple-Didomenico
model 5% and somerecently published resultg*>49,
Therelatively high c-axisoriented directionsof grains
of the sampleswith high oxygenindexeshadindeed a
benefit effect on their optothermal propertiesvialow
¥, values.

Investigations led to spectacular conclusions
concerning theantimony oxide Sb, O, infact, thisoxide
hasthelowest value of theAmlouk-Boubaker opto-
thermal expansivity y,,, and the highest optical

Au Tudian Yourual
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conductivity pardld toalow thermal diffusivity. Itis
hence a promising transparent conducting material
provided that an appropriate doping trestment isapplied.
The hardness performance of the oxides is also a
determinant factor sincethese materialsaremoreand
more expected to ensure hardening glasses substrate
andimpeaching plasticlayersinflammation
CONCLUSION

Oxidesthinlayers: Sb,O,, SnO,, ZnO and WO,
have been prepared using alow-cost protocol inair
atmosphere. Appropriate comparative analyses and
experimenta measurement of reflection R(A) and T(L)
transmission ratioswithinthe Ultraviolet-Visble-Near-
Infrared (UV/VIS/NIR) domain (300-1800nm) showed
that Sb,0, had themaximal optical conductivity dueto
itslowest extinction coefficientingdethevisbledoman.
Moreover, it has been unexpectedly noticed that the
microhardness of agiven metal-oxide did not depend
onthehardnessof themetal itself. Hardnessvariation
seemed to depend rather onthe oxygenindex (whichis
thehighest for Sb,0,)

Insummary, and bes des positivefeaturesattributed
to Sb,O,, the elaborated oxides have been
comparatively judgesas suitableto beused aspowerful
windows, and transparent conductor in many light-to-
heat converters.
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