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Abstract: Potentially important transparent conducting thim$ comprising the oxides of Zn, Sn and Cd
were prepared under same deposition parametertmmredby a simplified spray technique. Multiplefditction
peaks observed in all the films indicate their poygtalline nature. XRD patterns revealed that Zin@s has
hexagonal wurtzite structure with a preferentiakmtation along the (0 0 2) plane. Sn@in films has
orthorhombic structure with a preferential orieim@atalong the (0 2 1) plane while CdO film has faeatered
cubic structure with a preferential orientationrgjahe (1 1 1) plane. The band gap values of Zm@, &nd
CdoO thin films were found to be equal to 3.1, 3a#8 2.38 eV respectively. Microstructural parangeserch as
strain, dislocation density and the number of afjis¢gs were calculated for all the samples. Eleatr
resistivity values of ZnO, SnCand CdO thin films were found to be equal to Ox2UF ohm-cm, 1.8 x 1B
ohm-cm and 1.013 x Toohm-cm respectively. All the films exhibit phoumhinescent properties.

Keywords: XRD; Strain; Electrical resistivity; Optical studieBand gap energy; Crystal structure.

1. Introduction

Electrically conductive materials with high optidghnsmittance are key elements for thin film solar
cells and display devices. Amongst them, transpacenductive oxides (TCOs), based on high band gap,
degenerate semiconductors are mechanically hardcandwithstand high temperatures [1]. Transparent
conducting oxides have long been a subject of uarinvestigations due to their unique physical prtes and
applications in commercial devices [2, 3]. TCOshsas cadmium oxide (CdO), zinc oxide (ZnO), indium
oxide (InOs), tin oxide (SnQ), etc. have been widely studied because of trs@rin optoelectronic devices.
Due to their optical and electrical properties, e used in photovoltaic solar cells, phototstoss, liquid
crystal displays, optical heaters, gas sensonsspeaent electrodes and other optoelectronic devyieIn the
last few years, thin films of Zn, In, Sn and Cddes have received considerable attention, maindytduheir
important potential applications.
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Zinc oxide is an n-type wide band gap degenerdtedsemiconductor where its conductivity can betanled
by thermal treatment or by adequate doping [)ak an optical band gap of about 3.3 eV [6]. Zn@ois toxic
and stable under normal environmental conditions & good candidate to substitute indium tin exaohd tin
oxide films in conductive electrodes of amorphoiliean solar cells due to the high stability in lgden
plasma [7]. Its transparency and conductivity prdivat it is one of the promising candidate in enber of
opto-electronic applications like energy windowsuid crystal displays [8], solar cells, gas sessattrasonic
oscillators, transducers [9].

Tin oxide thin films are n-type semiconductors hwhigh transparency and very good electrical
conductivity. They have a high band gap gFE3.7 — 4.0 eV with tetragonal ructile structyssma frequency
in the IR region and when suitably doped can be bst¢h as a p-type and n-type semiconductor. Qltzer the
high transparency and high conduction, the advantdgSnQ film is high chemical stability even at high
temperature and also they have the refractive indethe range 1.9 — 2, which makes them suitabte fo
antireflection coatings. As a wide gap semicondyc#nQ films are known to have a wide range of
technological applications such as transparent wciindy electrodes, dye-sensitized solar cells [, and
chemical sensors [12, 13] and now they seem todre attractive for their luminescent properties, [19].

CdO is an n-type semiconductor, with a direct bayagh of 2.5 eV [16], and an indirect one
experimentally equal to 1.98 eV [17]. CdO films sha high transparency in the visible region of sola
spectrum, as well as low ohmic resistance. Theyibéximetal-like charge transport behaviour with an
exceptionally large carrier mobility [18] which recessary for high conductivity TCO materials, e&ply
when low free carrier absorbance is desired. Ctifisfhave vast applications in many optoelectroeiciaks,
phototransistors and diodes, transparent electra#gsors, etc based on their specific optical eladtrical
properties [19]. Further, doped with a group IIl gnoup VIl elements CdO can achieve TCO properties
comparable with the best performing and most widedgd materials such as indium tin oxide (ITO),eatbp
zinc oxide and doped tin oxide [20].

Several physical and chemical methods are alregulyrted for the synthesis of transparent condgctin
films comprising the oxides of Zn, Sn and Cd [226}. Amongst the chemical methods used to fabrit&®
films, spray pyrolysis is comparatively simple, loast and offers several other advantages [27] ineeother
methods. In the present work, a simplified spraghtéque using perfume atomizer is employed to coat
transparent conducting films comprising the oxide&n, Sn and Cd. The use of perfume atomizer bages
specific advantages over the conventional spraynigae using spray gun assembly [28]: low costheed for
carrier gas, fine atomization and improved wettgbibetween the sprayed micro particles and losshef
precursor to the surroundings is almost nil.

2. Experimental Details
2.1 Fabrication of TCO Films

Transparent conducting films comprising the oxide&n, Sn and Cd have been deposited onto glass
substrates with dimensions (76mm x 25mm x 1.4mmredd with detergent followed by rinsing with daubl
distilled water and finally treating with ultrasenivaves for 15 min. The precursor salts used ferfabrication
of zinc oxide, tin oxide and cadmium oxide thimfd are zinc acetate, tin(ll) chloride and cadmiwetaie
respectively. The optimized parameters adoptedtiddate the TCO films are presented in Table 1.

Table1l: Optimized parametersapplied to fabricatethe TCO films

Precursor molar concentration 0.1 M
Solvent Deionized water
Solvent volume 50 ml
Substrate temperature 400°C
Substrate to nozzle distance 28 cm

Spray angle 45°

Spray interval 2 sec

Spray rate 6 ml/min
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2.2 Characterization of TCO Films

The thicknesses of the TCO films were measured &sn® of weight gain method. X-ray diffraction
patterns, SEM images, optical transmission andridatresistivity values of the films were obtaihesing X-
ray diffractometer (PANalytical — PW 340/60 X'pdPRO), Scanning electron microscope (HITACHI S-
3000H), PerkinElmer UV-Vis-NIR double beam spechafometer (LAMBDA — 35), two probe technique for
ZnO and Sn@thin films and four point probe apparatus for Cdith tfilm respectively. X-ray diffractometer
was operated at 40 kV and 30 mA with Gukadiation of wavelength 1.54060 A. Transmissioacsa were
recorded in the range 300 — 1100 nm.

The crystallite size is determined using the Seindormula:

D= kA 1)
pcosl

where B is the full width at half maximum (FWHM in radignef the peak corrected for instrumental
broadening, anf is the Bragg angle.

The microstructural parameters such as stegjrd{slocation densitysj and number of crystallites (N)
were determined by the formulae:
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The absorption coefficient can be expressed by the relation:
A(hy-E)"
o= (hy-E,) 5)
hy

where A is a constant,gEs the energy gapy is the frequency of the incident radiation andshPlanck’s
constant. The exponent n is ¥ for direct allowadsitions.

3. Results and Discussion
3.1 Film Formation Process

Aqueous solutions of the precursor salt viz. zinetate, tin (l) chloride and cadmium acetate were
sprayed separately onto pre-heated glass subsusites a perfume atomizer. Each spray cycle haspray
and a 2 sec wait so that the desired temperatumgistained throughout the deposition process. When
precursor solutions are sprayed over the hot satlstrpyrolytic decomposition takes place and tederfilm
of ZnO, white colored film of SnOand orange colored film of CdO are formed respebti The thickness of
the ZnO, Sn@and CdO films were found to be equal to 0.g41, 0.6pum and 0.893um respectively.

3.2 Structural Studies

Fig 1 (a-c) depicts the XRD patterns of ZnO, $@d CdO thin films fabricated by the simplified
spray technique using perfume atomizer.
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Fig 1: XRD patterns of TCO thin films fabricated by thmplified spray technique.

Fig 1 (a)) shows the typical XRD patterns of Zn@tfilms fabricated by the simplified spray techuméq The
XRD pattern revealed that the film is polycrystadliin nature with preferred (0 0 2) orientationetibgr with (1
00),(101),(102),(110), (10 3)and (1)Ip2aks. The position of the diffraction peaksiféll with the
hexagonal wurtzite structure [JCPDS Card No. 36t14%he predominance of (0 O 2) plane clearly shibwe
that the growth of the film is that the c-axis isrpendicular to the surface of the substrate. Hsaltr on
preferred orientation in well agreed with severallier reports [29, 30]. The lattice constantsaad ‘c’ for
ZnO films are estimated using the relation [31]:

1 _ 40 +hk+k?) 12
e e ©

and the obtained values of a and ¢ are 3.257 A&l A respectively. These values agree with thedsrd
values [JCPDS card No. 36-1451].

Fig.(1(b)) shows the XRD pattern of Snthin film fabricated by the simplified spray teatpme. The
film is polycrystalline in nature with orthorhombstructure (JCPDS Card No.78-1063). It is percéptitbm
the figure that the as-deposited Sriiim grow along the preferred orientation of (0LR plane. Presence of
other orientations such as (2 0 0),(1 2 5),(0 2r8) (0 4 2) have also been detected. Traces offhia€e are
also observed with the presence of (1 1 0) and3)Ldeaks (JCPDS Card No. 72 — 2324). The presefiserO
phase in tin oxide thin films has been reportedieraf32, 33]. The lattice constants ‘a’, ‘b’ and’’
corresponding to orthorhombic structure of $filins was evaluated using the relation [31]:

1 _h* k? |2

@ @ b @
The values of the lattice constants were foundecegual to a = 4.737 A, b = 5.708 A and ¢ = 15.875
respectively. These values agree well with thedgtechvalues (JCPDS Card No. 78 — 1063).
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Different peaks in the XRD pattern of CdO film ¢Fi(c)) appeared abalues 33.03°, 38.34°, 55.3°,
66° and 69.4° due to reflection from (1 1 1), (®)0(3 1 1) and (2 2 2) planes respectively of Cd@e
relatively stronger intensity of the peak & 2 33.03° indicates preferential (1 1 1) orientataf the film
(JCPDS Card No. 5 - 0640) and similar behaviordias been reported by others [34, 28]. XRD pattdso
reveals that CdO has face centered cubic (FCQjtateuwith a lattice parameter equal to 4.692A. biined
‘a’ value is in good agreement with other resuBS][ The comparison of standard and observed digpac
values of the TCO films is presented in Table 2.

The crystallite size and the microstructural pagers such as strain, dislocation density and nuwibe
crystallites of the TCO films were calculated usaguations (1 — 4) and the obtained values areepred in
Table 3.

Table2: Comparison of standard and observed d-spacing values of TCO thin films

Zn0O SnQ CdO

d — spacing d — spacing values d — spacing values
values (hkl) (hkl (hkl)
St  Obs. Std?“°  Obs. Std? Obs.

2.8143 28178 (100) 2.8089 2.817 (021) 2.712 702. (111)
2.6055 2.6055 (002) °2.6237 2.623 (110 2.349 2.346 (200)
24759 24792 (101) 2.3685 2.370 (200) 1.661 660. (220)
1.9111 1.9125 (102) 1.9365 1.993 (125) 1.416 414. (311)
1.6247 1.6278 (110) 1.6285 1.627 (028) 1.355 353. (222)
14771 14783 (103) 1.4044 1.409 (042
1.3781 1.3788 (112) °1.2578 1.261 (113

Std. — Standard

Obs. - Observed

#JCPDS Card No. 36 - 1451
® JCPDS Card No. 78 — 1063 (Orthorhombic §nO
©JCPDS Card No. 72 — 2324 (Orthorhombic SnO)
4JCPDS Card No. 5- 0640

Table 3: Microstructural parameters of the TCO filmsfabricated by the simplified spray technique

Microstructural parameters Zn0O Sno Cdo
Crystallite size, D (nm) 52 107 17
Strain,e x 10° 2.26 1.18 7.36
Dislocation densityd x 10° 3.701 8.684 3.6412
N(l)Jlrsnber of crystallites, N x 1.714 0.49 0.02

1

3.3 Electrical Studies

Electrical resistivity §) of ZnO and Sn&thin films were measured by two probe technique that of
CdO films by four point probe method. Fig 2 shoWws variation of resistivity with temperature of th€O
films fabricated by the simplified spray technique.
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Fig 2 : Variation of electrical resistivity with temperatuof ZnO, Sn@and CdO thin films

The resistivity of all the films decreases withrgsse in temperature indicating the semiconductatgre of
these films. The average resistivity of ZnO, $@a@d CdO thin films measured in the temperaturgaat 308
K — 353 K were found to be equal to 0.24 ¥ thm-cm, 1.8 x 16 ohm-cm and 1.351 x T0ohm-cm

respectively. In thin films, resistivity depends fim thickness. In bulk the resistance to the geatarriers is
usually caused by photon scattering, impurity aafect scattering. In additional there is scatteffirogn the

film surface itself. The surface scattering decesasith increase in film thickness and is negligililthe film

thickness is greater than the electron mean friéeipahe bulk [36].

Amanullah et al. [37] obtained a resistivity o7 D.x 10° ohm-cm for Sn@film with thickness 130.6
nm. They reported that resistivity of tin oxidenfd decreases with increase in film thickness dwotoinance
of surface scattering. As film thickness increasesace scattering decreases with consequent reduntthe
resistivity of the films. Tin oxide film obtainech ithis work has a thickness of 600 nm which is veiych
greater than 130.6 nm. Hence the resistivity obthinere is decreased nearly by one order due imiés
surface scattering.

Lamb et al. [38] obtained a resistivity of 2.3&*Iohm-cm for the CdO films with thickness 546 nm by
metal organic chemical vapour deposition at 372fCthis work, the substrate temperature maintaitoed
fabricate CdO film is 400°C which is slightly highttan 372°C maintained by Lamb et al., and thektigss of
the CdO film obtained is 892.8 nm. Even thoughfilnethickness is higher than that obtained by Lazbll., a
low resistivity value (1.013 x T0ohm-cm) is achieved here. The low resistivity eahbtained here can be
attributed to the decreased potential barrier betvmgrains due to the elimination of a number ofgbaenters
located at the grain boundaries, due to high satestemperature; or the formation of vacanciesxgfjen in
the structure of the material [39].

The resistivity of sprayed ZnO thin films is stghy influenced by the following factors [40]: i)
interstitial incorporation of zinc and ii) presenmieoxygen vacancies. The low value of resistidbtained for
the ZnO film in this work can be attributed to tthesorption of oxygen at grain boundaries [41] wiach as
traps for electrons. The value of resistivity obéal exactly matches with the value reported eddi2:

From the resistance values recorded at diffet@amiperatures, the temperature coefficient of
resistance (TCR) of the TCO films is evaluated. TlRHR values of ZnO, Snand CdO thin films were found
to be equal to -2.96 x 0 K, -3.25 x 1G / K and -1.328 x 18/ K respectively. The values obtained confirm
that all the films have good heat resistance pigpamhich is one of the desirable qualities forasatell TCO
layers [43]. The magnitude of TCR of the CdO filsnremarkably lesser than ZnO and $riilns, which
concludes that CdO film fabricated in this work haster thermal stability than ZnO and SHilns.



A.R. Balu et a//Int.]). ChemTech Res.2014,6(1),pp 705-718. 711

3.4 Surface Morphological Studies

The SEM images of the TCO films fabricated by thepdified spray technique are shown in Fig. 3.
Nanosized grass like structures was observed o8HEhM image of ZnO thin film (Fig. 3(a)).

The nanorods show no alignment and are dispersiislyibuted, but their diameters and lengths ather
uniform. The surface also contains polyhedral shditributed dispersively on the substrate, witime of
them line up along the nanorods. The SEM imagernd,3hin film (Fig. 3(b)) show small granular grains
distributed throughout the surface without any ksac

However white colored patches appeared here ang te the film surface which might be due to the
incomplete decomposition of the precursor salt usgie SEM image of the CdO film (Fig. 3(c)) is quosed
of clusters of spherical grains with size equa4am

3(c) CdO

g L]
S-3400N 20 JOBRGSEY T w Lt
3(b) SnO,

Fig 3: SEM images of the as-deposited TCO films.

Film surface appears to be uniform with no holesracks. Grains appear to be interconnected withayt
holes or devoids.

3.5 Optical Studies

Fig. 4 shows the optical transmission and reflectipectra of the TCO films prepared by the sinmguifi
spray technique under same deposition conditions.
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Fig 4 : Transmittance and reflectance spectra of the Tild€3 fabricated under the same deposition condition

All the films have no transmittance in the UV ragias the incoming photons have sufficient eneoggxcite
the electrons from valence band to conduction batidhe films show high transmittance in the visitand
infrared region of the electromagnetic spectrurmv@osely, the reflectance of the films is found®high in
the UV region and low in the visible and infraredjion. The optical transmittance of the ZnO, $a@d CdO
films were about 88 %, 84 % and 84 % respectiveljne high transmittance and low reflectance progert
makes the films good materials for antireflectiamattngs and for solar thermal applications in filtte
collectors, etc. The ability of a material to alisbght is measured by its absorption coefficidiite absorption

coefficient @) is given by the relationn:(%jln (%’j where T is the transmittance and ‘t’ is the film

thickness. Fig. 5 shows the variation of absorptoefficient of TCO films with various wavelengtagions.
The calculated values of the absorption coeffigi@me in the order of 1@mi’.
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Fig 5: Variation of absorption coefficient with wavelehgt
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It is found that the absorption coefficient decesawith increase in wavelength with sharp decrease the
band edge. It is also observed that the valueisfhigher for the ZnO thin film with steeper opti@bsorption
edge which indicates better crystallinity of thienfiand lower defect density near the band edge Edjiation
(5) gives the band gap energy\ihen the straight portion otilty)? against f plot (Fig. 6) is extrapolated to
the pointa = 0.
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Fig 6 : Variation of @thy)? with photon energy () of as-deposited TCO films.

The band gap energy values of the ZnO, Sa@ CdO films were found to be equal to 3.1 e¥53®V and
2.38 eV respectively. The obtained band gap enealiye of ZnO thin film exactly matches with the wal
obtained by Benramdane et al. [45] for ZnO thimffabricated by spray pyrolysis technique using ziitrate
as precursor salt. The band gap value obtaineth&oCdO film exactly matches with the value obtdity
P.K. Ghosh et al. [46].

The variation of refractive index (n) as a funotmf wavelength of the TCO films is shown in Fig. 7
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Fig 7 : Variation of refractiveindex with wavelength of the TCO films.

Refractive index decreases with increase in wagthenndicating that all the films exhibit anomalous
dispersion. It can be seen that, a maximum valueefoéctive index is observed in all the films a&ry low
wavelengthA ~ 400 nm (strong absorption region). At longer wawugthsA > 500 nm, the refractive index
decreases for all the films reaching the lowesteaf ‘n’. The value of n for TCO films is the Niiegion was
found to be equal to 1.68, 1.87 and 1.83 respdygtiVae value of ‘n’ obtained for the ZnO thin fil(k.68) is
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lower than the value 1.89 obtained by Vindokumaialet[47] for laser ablated nanostructured ZnO d$ilm
annealed at 500°C. The value of ‘n’ obtained lier $nQ film (1.87) exactly matches with the value obtaine
by Shamala et al. [23] for tin oxide thin films pe¥ed by electron beam evaporation technique. &hee\of
‘n’ obtained for Sn@thin film makes them suitable for antireflectionatings. The value of ‘n’ obtained for
CdO thin film (1.83) is slightly lower than the ual obtained my Mohamed et al. [48] for CdO buftgrelr
formed by electron beam evaporation technique.

In many applications requiring transparent conidgcfilms, the optical transmission and electrical
conductivity should be as high as possible. Thgamicularly important for solar cell applicatiobscause high
optical transmission in the visible region enhartbesphoto generated current and low sheet ressstatuces
the series resistance of the cell. The interrelatigp between transmission and conductivity is exped by the
figure of merit (b). When the sheet resistancefRind the optical transmission (T) are known, tlgere of
merit is calculated by using the formula [49] :

10

P=—= (8)
Ra

The figure of merit values calculated for ZnO, Sr@d CdO thin films were found to be equal to X4®° QO
18.314 x 10 Q™" and 6.26 x 18 Q™ respectively. The value @f obtained for ZnO thin film is very low which
might be due to high value of sheet resistance7f0xL 1G° ohm/sq.) obtained. The value @fobtained for
SnQ thin film exactly matches with the value obtaidsdManifacier et al. [50] for tin oxide film fabrated by
vacuum flash evaporation method. The figure of in@lue obtained for the CdO film exactly matchethuhe
value obtained in our earlier work [28].

3.6 Photoluminescence Studies

The room temperature photoluminescence spectiaeot €O films fabricated by the simplified spray
technique are shown in Fig. 8.
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Fig 8 : PL spectra of the TCO films.

The PL spectra of ZnO thin film shows emission geak 2.17 eV and at 2.81 eV which corresponds to
interstitial zinc or surface defects due to oxyganancies [51, 52]. The peaks observed at 521 asnk and
571 nm shows that the film exhibits a deep greeisson. It is reported that the green emissionri@£an be
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due to different intrinsic defects in the film sual oxygen vacancies, zinc vacancies, antisite exxyand
interstitial zinc [53, 54]. The emission peak atl4im (3.1 eV) may be attributed to the anomalousson
which arises due to the interface between the satbsind ZnO.

The room temperature PL spectrum of the Stitih film shows emission peak at 464 nm which
corresponds to blue luminescence and can be da#dbto singly charged oxygen vacancies,)(\ér
luminescence centers in the film [55]. The peak28.97 nm is attributed to the electron transitivediated by
defect levels in the band gap such as oxygen va=mf66]. It can also be attributed to transiticgtvileen
photo-excited holes and singly ionized oxygen vaes, to antisite oxygen to donor-acceptor comdexeto
surface states [57].

The PL spectrum of the CdO film shown in Fig. &8k emission peak at 386 nm (violet) which
corresponds to band edge emission [58]. The pedBmnhm is due to artifact which arises becaus¥esfon
lamp source [59]. The peak at 541.94 nm arises ftbe oxygen vacancy of CdO film because of
recombination of a photo generated hole in valdrare with an electron in conduction band [60].

4. Conclusions

Potentially important transparent conducting thiims comprising the oxides of Zn, Sn and Cd were
fabricated by a simplified spray technique undemesadeposition parameter conditions. All the filmswa
polycrystalline in nature. The transmittance valoEZnO, SnQ@ and CdO thin films were found to be equal to
84 %, 84 % and 88 % respectively. The calculatddegof absorption coefficient for all the filmsean the
order of 10 cm™. The calculated refractive index values of ZnOOgand CdO films were found to be equal to
1.68, 1.87 and 1.83 respectively. Refractive indéxall the films decreases with increase in wavgilen
confirming the fact that the films exhibit anomadadispersion. Electrical resistivity measurememisfieomed
the semiconducting nature of the films. The TC@fdilfabricated exhibits high optical transmissiod aigh
electrical conductivity which makes them suitalbe fany applications especially for solar cell &ailons
because high optical transmission in the visiblgam® enhances the photo generated current. The VialliRs
obtained showed that all the films have betterntarstability especially CdO film has better therstability
than ZnO and Sn{films.
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