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ABSTRACT

Antimony-doped tin oxide ATO thin films were prepared by dip coating method. The effect of antimony doping on
the structural, electrical and optical properties of tin oxide thin films were investigated. Tin(l1) chloride dehydrate
(SnCl.-4H,0) and antimony(l11) chloride (SbCl,) were used as a host and a dopant precursor. X-ray diffraction
analysis showed that the non-doped SnO, thin film had a preferred (211) orientation, but as the Sb-doping concen-
tration increased, a preferred (200) orientation was observed. The lowest resistivity (about 5.4 <102 Q.cm) was
obtained for the 2 at.% Sb-doped films. Antimony-doping led to an increase in the carrier concentration and a
decreasein Hall mobility. The transmittance of ATO filmswas observed to increase to 96% at 2 at. % Sb-doping, and

then it is decreased for higher level of antimony doping.

INTRODUCTION

Trangparent conductingoxide(TCO) filmsarewiddy
usedinavariety of optoe ectronic devicessuch assolar
cdls displaysand e ectrochromicdevices. Inrecent years,
therehasbeen growinginterestinthegpplication of TCO
filmsasdectrodesinsolar cell devices. Amongthe TCO
films, themost appropriate materid for theapplication
seemsto betin oxidefilms, which arechemically inert,
mechanically hard and heat-resistant. In addition, they
exhibitlow dectricd resdivity and highoptica tranamit-
tance. Either doped or non-doped tin oxidethin films
can befabricated by anumber of techniques. chemical
vapor deposition¥, sputtering?, sol—gel coating!® and
spray pyrolysis*8. Thesol-gel method has such advan-
tagesascheap cost and flexibledeposition techniqueat
hand. Such propertiescan beimproved by dopingthetin
oxidewith, for example, antimony (Sb), indium (In) or
fluorine (F). Infact, by increasing the doping concentra-
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tion (>2%) adegenerate semiconductor isformed, dis-
playing higher o vaues(>103 Q* cm®). Sincethisdop-
ing level isnottoohigh, doped-SnO, thinfilmsaretrans-
parent for visiblelight, which makethem useful for ade-
viceapplication point of view. Then, thenature, quantity,
and structural distribution of thedoping areimportant
factorsfor theelectrical propertiesof SnO,".

The current study investigated the characteristics
of Sb-doped SnO, thinfilms prepared by dip coating
technique. Thestructurd, el ectrical, and optical prop-
ertiesof thethinfilmswereexaminedin relationshipto
theincreaseintheantimony amount.

EXPERIMENTAL DETAILS

Theantimony-dopedtin dioxidesolswereprepared
using the same methodol ogy whichwas utilized in our
previousliterature®. The SnO, solutionwas obtained
by dissolving 2.01 g of SnCl, .4H,0in25ml of absolute
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ethanol. To achieve Sb doping, antimony trichloride
(ShCl,) wasadded tothe precursor solution. Theamount
of SbCl, to be added depends on the desired doping
concentration. Thedoping concentrationwasvaried from
0—7 at. %. The solution was stirred at 70°Cfor6hina
closed container for the homogenous mixing of thesolu-
tionandthenagedinair for 24 h,i.e., until thesolid ma-
terialshad dissolved. Thethinfilmsweredeposited by
thedip-coati ng technique on glasssubstrates, which had
been cleaned ultrasonically in acetone, rinsedin DI wa
ter, and thendried by N, blowing. Theclean glasssub-
stratesweredipped verticaly and carefully into the sal,
left for ashort time, and withdrawn fromthebath at with-
drawal speedsintherangefrom 1 mm/sto 10 mm/s.
Thiswasfollowed by drying and then sintering of the
filmsbetween 400 and 550°C for periodsranging from
6t0 24 h. For obtaining higher thicknessfilms, the se-
guenceof dipping, drying and then dipping again was
performed anumber of times. However, thesnteringwas
doneonly after thefina dipping. Thethicknessof the
filmsincreased a most linearly with respect to thenum-
ber of timesof dipping. Thefilmswerekept a 25°Cand
humidity of 40% RH. All messurementswere performed
inthesameconditionsand after thefind anneding. The
film thickness, t was measured with a Tencor P10
Profilometer. The measurement accuracy of thisequip-
ment for thethicknessmeasurement is0.1 nm. Thesheet
resistance, R, of thefilmswas measured by thelinear
four-point method. Theeectrical resistivity, p was de-
termined by therelation p = Rt. The optical transmit-
tanceof thefilmswasmeasured usngaUV-visblespec-
trophotometer (Cary 500). Crystal structureidentifica-
tion and crystal sizeanaysiswerecarried out by X-ray
diffraction XDS 2000, Scintac Inc., USA with CuKa
radiation source, and scanrate of 2°/min.

RESULTSAND DISCUSSION

Figure 1 shows the XRD patterns of the sol-gel
ATO thinfilmswith a220 nm thickness deposited at
550°C as a function of Sb-doping concentration. The
preferred orientation changed with Sb-doping. Thenon-
doped SnO, thinfilms had apreferred (211) orienta-
tion. However, asthe Sb-doping amount increased, the
intensity of the (211) peak decreased and the (200)
peak-intendty increased. Thus, thepreferred (200) ori-
entation was observed for 2-7 at.% Sh-doped films.

Thepreferred (200) orientation was also reported by
Elangovan et d.1%. Thisbehavior with Sb-dopingim-
pliesthat inthe present caseantimony incorporationin
SnO, lattice has not affected thestructural properties
to aconsderableextent. Onthe other hand, for higher
dopant levels, theincorporation would take place at
interstitial sitesand some precipitation likeantimony
oxides(Sh,0,, Sb,0, and Sb,0,) could beinduced™.
Asaresult, with theincrease of doping concentration,
the deposited filmslost the crystalinity, and the pre-
ferred orientation growth of SnO, films may be sup-
pressed by the precipitation. In the present case, anti-
mony incorporationin SnQ, latticehasnot affected the
structural propertiesto aconsderableextent. Itisaso
clear thatin Figure 1 thecrystalinity improvesinitialy
with antimony doping upto 7 a.%in the present case,
but it decreases progressively beyond 7 at.% doping
concentration, as observed by Shanthi et al .[*Y,
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Figurel: XRD patternsof thesol-gel ATO thin filmsdepos-
ited at 550°C as a function of Sb-doping concentration.

The effect of doping on theelectrical properties
of ATO thin films has been investigated. Figure 2
showsthe variation of theresistivity (p) with differ-
ent Sb doping concentration (at.%.). Theresistivity
of ATOthinfilmsdecreasesinitially withincreasein
the Sb doping concentration to about 4x104 Q.cm
for 2 at.% of Sh, but increases again for further dop-
ing. Theobserved minimum issignificantly lessthan
that for pure SnO, thin films (5.4 102 Q.cm). The
decreasein resistivity which may be attributed due
to the substitution of Sn* by Sb%1*l, astheir ionic
radii match (Sn* 0.071 nm and Sb®* 0.065 nm). Itis
observed that this substitution increasesthe carrier
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concentration and thereby decreasesresistivity. Thus,
we could obtained the thin filmswhich have thelow-
est resistivity at 2 at.% Sh-doping level. Theresis-
tivity p is proportional to the reciprocal of the prod-
uct of carrier concentration nand Hall mobility ., as
inthefollowing equation:
1
P en )
Asshown in Figure 3, Hall mobility decreased from
0.9024 10 0.2901 cm?/V swith Sb- doping. Theincrease
inHal mobility may beattributed tothe (1) increasein
theaddition of antimony at thetin Siteand (2) adecrease
ingrain boundary scattering. Itisknownthet grain bound-
ary scattering andionizedimpurity scatteringaretwomgor
scattering mechanisms, determining themobility varia-
tion of such extrinsic, doped semiconductors (102, 213).
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Figure2: Resistivity of ATO thin filmswith the Sb-doping
concentration.
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Figure3: Hall mobility of ATO thin filmsasafunction of Sb-
doping concentration.
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Theresultant mobilityisgivenby

Vp=Up,+1Up, )
Where 1 istheresultant mobility, Hy, isthemobility
dueto grain boundary scattering and pzisthe mobility
duetoionizedimpurity scattering. These observations
are in close coincidence with E. Shanthi™™, Chitra
Agashe®?, GN. Advani*?,

Fgure4 showsthecarrier concentration of thinfilms
withincreasein Sb-doping concentration. Thesubstitu-
tion of Sn** by Sn**led toincreaseinthe carrier concen-
tration becausetheradii of thetwoionsmatched. The
carrier concentration of SnO, thinfilmswas2.004 x 10%
cm® and theva ueincreased continuoudy with Sb-dop-
ingto 6 x 10 cm at 8 at.% Sh-doping concentration.

6x10%" u
— ]
21 |
5 5x10
c
S 4x10™'
-
[
£ a0 "
c X 7
8 /
= 31
6  2x10”'- /
(5]
1y
o 31 | o
E 1x10 ./
© of w7
0 2 4 [ 8

Sb-doping concentration (at.%)

Figure4: Variation of carrier concentration with at.% of Sb-
dopingfor ATO thinfilms.

Theeffect of dopingontheoptica propertiesof ATO
thinfilmshasbeeninvestigated. Figure5 showsthetrans-
mittance spectraof ATO thin filmswith athickness of
220 nmintherange 300-2000 nm. Maximum transmit-
tanceisfound to be 96 % (at 502 nm) for theATO film
doped with 2 at. % of Sb, whichis attributed to low
scattering effect, thicknessuniformity of thefilm dueto
thesurfacesmoothnessof thefilm. But thetranamittance
isfoundto decreasegradudly if the antimony concentra:
tionisincreased above 2 a.%. Thedecreaseintransmit-
tancewith theincreasein dopant concentration may be
altributedtotheincreasein cluster Szeand surfacerough-
nessof thefilm, which promotesthediffuseand multiple
reflections at the surface and increasesthe absorption.
Theseobsarvationsarewd | inagreement withtheresults
illustrated by J.C. Manifacier’®4®, K.L. Chopra®,
M.Fantini®™, S, Shanthi*®, Inthecase of heavily doped
semiconductors whose carrier concentration was ap-
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proximately 10*°-10% cm3, the Drude model can be
generaly used to represent the decreasein thetransmit-
tance’®2l, Briefly, themode indicatesthat thetransmit-
tancedropinthenear infrared regionisassociated with
the plasmafrequency o, that can beexpressed as

> 1/2
o =€ 2
O P (©)

where n isthe carrier concentration, e the electronic
charge, ¢, the permittivity of freespace, ¢, thehigh-fre-
quency permittivity and m* thecondudtivity effectivemass
Bdow theplasmafrequency, thefilmsare characterized
by ahighreflectance, which functionsasascreen of the
incident electromagnetic wave?!. Asa isproportional
to the squareroot of the carrier concentration, thein-
creaseinthecarrier concentration led to thelowering of
thetransmittancelevd inthenear infrared region.
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Figure5: Optical transmissonsof non-doped SnO, and sev-
eral Sb-doped SnO, thin filmsasafunction of wavelength.
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CONCLUSIONS

Transparent conducting ATO thinfilmswere pre-
pared by dip coating method viasol gel route. A pre-
ferred (211) orientation was observed for the non-
doped SnO2 thin films, but asthe Sb-doping concen-
trationincreased, apreferred (200) orientation gppeared
for 3-7 at.% Sb-doped films. Thepolyhedron-likegrains
becamerounder and smaller grainswiththeincreasein
the Sh-doping concentration. The carrier concentra-
tionof SnO, thinfilmswas2.004 x 10*° cm and the
vaueincreased continuoudy with Sb-dopingto 6 x 10%°
cm a 8 at.% Sb-doping concentration., whilethe Hall

mobility decreased from 0.9024 t0 0.2901 cnm?/Vs. The
resistivity decreased to 2 at.% Sh-doping concentra-
tion, thereafter it increased. Thus, thelowest resigtivity
(about 5.4 x102 Q.cm) was obtained for the 2 at.%
Sb-doped films.. Themost effectivetransparent con-
ducting ATO thinfilmwasthe 2 at.% Sb-doped films.
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