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ABSTRACT

Conducting and transparent indium doped CdO thin films were prepared
by spray pyrolysis on a glass substrate with various concentration of
indium (2-8 wt%) in the spray solution. The optical and structural proper-
ties of indium doped and undoped CdO filmswere studied utilizing optical
transmission, X-ray diffraction and atomic force microscope. X-ray analy-
sis shows that the doped and undoped CdO films are preferentially orien-
tated along (111) crystallographic directions. Increase of indium doping
concentration increases the films packing density and reorient the crys-
tallitesalong (1 1 1) plane. There is a decrease in the optical transmissions
for al films with the decrease in wavelength. The light transmission of
CdO films increases as In doping level increases. The optical band gap
value of CdO was equal to 2.55 eV and it was increase with doping con-
centration and reaches amaximum value of 2.65 eV at 4 wt% indium dop-
ing. Low resistivity achieved in the present study wasfound to be 0.9x10
3(Q.cm) at 4wt%Indoping.  © 2013 Trade SciencelInc. - INDIA
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Transparent conducting oxides (TCOs) are mate-
rid sthat possess both high e ectrica conductivity, high
optica transparency (> 80%) inthevisiblelight region
of the e ectromagnetic spectrum. Theseareremarkable
materia sinthat the above propertiesaregenerally mu-
tualy exclusveand are hard tofind inthe same mate-
rid. Cadmium oxideisan-typesemiconductor with non-
stoi chiometric composition dueto the presence of ei-
ther interdtitial cadmium or oxygenvacancies, which act
asdoubly charged donors™, with nearly metallic con-
ductivity. Oneof thewaysof tailoringtheband gapis

by synthesisanew semiconductor phaseswith large/
small band gap semiconductors. The band gap of cad-
mium oxide can bethustuned over awiderangefrom
1.1eV to3.3eV by aloying with suitable materials.
These aloyed semiconductors have anumber of inter-
esting applicationsin e ectrochemical or photoe ectro-
chemical devices, phototransistors, photodiodes, gas
sensors, etc.[24,

CdOthinfilmshavebeen prepared by variousphys-
ca and chemical deposition techniques such aspulsed
laser deposition>8, spray pyrolysis’™, sol—gel*°, DC
magnetron sputtering?4, RF sputtering™, chemical
bath deposition™® and thermal evaporation”19,
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Inthiswork we have employed spray pyrolysisto
prepare CdO:In filmsbecause of itssimple and inex-
pensiveexperimenta arrangement, ease of adding vari-
ousdoping material, reproducibility, high growthrate
and mass production capability for uniformlargearea
coatings, which aredesirablefor industrial and solar
cell applicationg?2l, |n the past years, CdO hasre-
celved acongderable attention asthetransparent el ec-
trodeof CdTe-based thinfilm solar cell§%2%, because
of itselectrooptical propertiescompared with thetra-
ditional TCOs, such as SnO2:F and ZnO:Al®4, Inthis
paper, wearereporting the effect of Indoping on struc-
tural, optical and el ectrical propertiesof In doped and
undoped CdO thinfilms.

EXPERIMENTAL PROCEDURE

Spray pyrolysis deposition techniquewas used to
prepare CdO and CdO:In thin films on glass sub-
strates. An 0.1M solution of cadmium acetate
Cd(CH3C00)2.2H20 diluted with methanol and
water in the ratio of 1:1 was used to prepare CdO
solution. CdO:Inthinfilmswere prepared by doping
CdO solutioninratio (2-8%) of InCl, and water mix-
turewith 0.1 M. The optimum deposition parameters
were: Thedistance between the nozzle and the sub-
strate was maintained at 31 cm, the substrate tem-
perature was kept at 350°C and controlled within
+10°C by using an iron-constant thermocouple, ni-
trogen gaswith apressure of 4 bar, spray time (7 s)
and the spray interval (70 s). The filmsthicknesses
weremeasured by using Mlichlson Interferometer and
found to be between (225-251)nm. The experimenta
detallsof mixed spraying solutionsand thethi cknesses
of al filmsarelistedinTABLE 1.

Thecrygalinegtructureof thefilmswasconfirmed
by X-ray diffraction (XRD) with Cu Ka radiation
(Rigaku Model, L= 1.5406A). Theaccelerating volt-
age of 40kV, emission current of 30mA and the scan-
ning speed of 5° per min were used. The transmittance
and absorbance spectrafor al filmswererecorded by
(UV/VIS,Cecil, Cez200,7000Series, Metertec). The
morphologicd propertiesof al filmswereinvestigated
using (SPM model AA 3000 Angstrom Advanced
Lns,USA).
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TABLE 1: Themixed spraying solutionsand thethicknesses
of Indoped & undoped CdO films.

e CACHCO0N T Tl Thisocs
Cdo 100 0 100 225
CdO:In (2 Wt.%) 98 2 100 251
CdO:In (4 Wt.%) % 4 100 220
CdO:In (6 Wt.%) 94 6 100 238
CdO:In (8 Wt.%) 92 8 100 234

RESULTSAND DISCUSSION

Sructural properties

Figure 1 showsthe X-ray diffraction (XRD) pat-
ternsof the prepared undoped CdO and CdO:Infilms.
All the patterns show polycrystalline of cubic CdO
structure (NaCl structure) and CdO:In filmsare com-
posed of crystallites of CdO (JCPDS Card No:05-
0640). XRD showsneither theformation of CdO, and
In,O, nor mixed phaseseven a higher In-dopinglevel.
It can beclearly seenthat al filmsare preferentially
orientated along (111) crystallographic directionsand
thepreferential orientation peak for In doped filmsbe-
came sharper and moreintense, especialy for In dop-
ing level at 4%, compared to the pure CdO films. This
may beattributed to the crystallinity of the CdO films
beingimproved with In doping. Also, the structurd pa-
rameterssuch asdiffractionangle (20), lattice spacing
(d), relativeintensity of thepeaks (I / 10), full width at
half maximum (FWHM)), intensity (1) and the phases
identified along with (hkl) planeswereeva uated from
these spectraand presented in TABLE 2.

For dl films, thegrain 9ze(D) wascaculated from
thefull width at half maximum (FWHM) (B) of the pref-
erentia orientation diffraction pesk by usngthe Scherrer
equation(®24l;

kA
B.cos@ (1)
where k denotesthe Scherrer constant (the shapefac-
tor of theaverage crystaliteand can beconsidered k=
0.90, A= 1.5418A is the wavelength of the incident Cu
Ko radiation. Larger D and smaller 8 values indicate
better crystallization of the materials. According to
TABLE 3, dl CdO:Infilmshavebetter crystalinity lev-
elsasincreasnginthedopinglevel. Moreover thetex-
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ture coefficient TC (hkl) isintroduced to characterize  intensity of adiffraction pesk, intensity of the standard
thepreferentid crystdliteorientationalongthe(hkl) di-  powder diffraction peak and the number of diffraction

rection defined as?”: peaksrespectively. If TC (hkl) =1, for dl the(hkl) planes
IChkD) ., cons dered, indicatesasamplewith randomly oriented

7— B(hkl) crystdlite, whilevalueslarger then 1, indicatethe abun-

] J(RED .. ) danceof crystdliteinagiven (hkl) direction. Values 1>
TChk)=N"1 Eyi—F—=8(h H;) (@ TC(hkl)>0indicatethelack of grainsorientatedinthat

: direction. The TC vauesof thepreferential crystalite
Wherel (hkl), IO (hkl) and N arethemeasured relaive  orientation (111) of the all films were presented in

TABLE 2: Thediffraction angle(20), inter planer distance(d), relativeintendty of thepeaks(l /1 O), (FWHM), intensity (1)
and thephasesidentified along with (hkl) planesof CdO & CdO:Infilms.

Material 20(deg) d(A) /10 FWHM (deg) I(counts) I dentification with (hkl) values
32.9696 2.71461 100 0.41410 114 (111) CdO
Cdo 38.2771  2.34952 62 0.53410 71 (200) CdO
55.2581 1.66104 17 0.33570 19 (220) CdO
33.0703  2.70657 100 0.25930 210 (111) CdO
CdO:1In (2 wt.%) 38.3662  2.34427 74 0.25580 156 (200) CdO
55.3596 1.65824 20 0.22560 41 (220) CdO
33.0981 2.70438 100 0.27180 442 (111) CdO
CdO:In(4wt.%)  38.3912 234280 66 0.31820 293 (200) CdO
55.3913 1.65736 17 0.25570 77 (220) CdO
33.0820 2.70564 100 0.25900 288 (111) CdO
CdO:In (6 wt.%) 38.3752  2.34374 74 0.29370 214 (200) CdO
55.3291  1.65908 24 0.38620 70 (220) CdO
33.0917 2.70487 100 0.20170 416 (111) CdO
CdO:In (8 wt.%) 38.4063 2.34192 69 0.21950 287 (200) CdO
55.3892  1.65742 20 0.28360 82 (220) CdO
i ” l | \ '
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Figurel: Thex-ray diffraction (XRD) patter nsof theprepared undoped CdO and CdO:Infilms.
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Figure2: AFM imagesof In doped and undoped CdO films.

TABLE 3. It can be observed that the highest TC (hkl)
vaueisin (111) planefor In4wt%thinfilm.

Theca culated | attice congtant for thedominant pesk
of (111) of CdOisaveragedtoa=4.6888 A which is
closeto thereported value all= 4.695A%, Addition-
aly, to havemoreinformation ontheamount of defects
inthefilms, thedis ocation density (6) was evaluated
fromtheformuld?®:

1
0= 3
WhereD isthegrainsize. Thisquantity, 9, is defined as
thenumber of dislocationsintersecting aunit areaof a

random section. It is seen from TABLE 3 that the 6
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valueof CdO filmsisdecreased with Indoping. This
means|n doping decreasesthedefectsinthe CdO films
andimprovescryddlitequdity. Smilar resultshavebeen
reported by Kose et al .=,

AFM imagesof pureand In doped cadmium oxide
filmsareshownin Figure 2. Thewhiteregionsinthis
figurerepresent theformation of agglomerated grains
oneonthetop of the other. For theseregions, wethink
that neighboring grainscometogether forminglargedus-
ters. Sograinsinthewhiteregionsarelargerinsizeas
compared to others. From al of theseinterpretations,
film growth mechanism isthought to beformedfirstly
layer by layer and thenidand growth type. Theln doped
filmsshow smooth surface compared to the cadmium
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oxidefilms. The500 nmx 500 nm images are utilized
for measuring theaverageroughness(Ra) and root mean
sguareroughness surface (Rq) of thefilms. The (Ra)
and (Rq) of the pure CdO film are measured to be
7.05 nm and 9.04 nm respectively. Further, the (Ra)
and (Rq) of the samples decreases with increasein
doping concentration. These results represented in
TABLE 4, areclosely similar to theresultswhich had
been reported by Kumaravel et al .[*4.

TABLE 3: FWHM (B), texturecoefficient (TC), thegrain
size(D) and thedidocation density () and lattice constant(a)
of theCdO & CdO:Infilms.

T R T
Cdo (111) 72237 143 20 2494 4.7071
CdO:In (2 wt.%) (111) 45233 1.31 319 9.77 4.6877
CdO:In (4 wt.%) (111) 47414 149 305 10.74 4.6839
CdO:In (6 wt.%) (111) 45181 1.24 320 9.75 4.6861
CdO:In (8 wt.%) (111) 35185 1.34 411 591 4.6848

TABLE 4 : The roughness(Ra) and root mean square
roughnesssurface(Rq) of thedoped & undoped films.

Material Ra(nm) Rq(nm)
CdO 7.05 9.04
CdO:In(2 wt.%) 6.86 9.04
CdO:In(4 wt.%) 5.61 7.3
CdO:In(6 wt.%) 5.42 6.99
CdO:In(8 wt.%) 3.63 4.85

Optical properties

Opticd transmittance spectraof theundopedand In
doped CdO filmsin therange of 300-900 nm are pre-
sented in Figure 3, measured a roomtemperatureinair.
Asseeninthisfigure, theopticd transmissonsof dl films
decreasad with decreaseinwavd ength and thelight trans-
mission of CdO filmsincreasesasIndopinglevel in-
creases. Thesegpectrashow that adding Into CdO impro
vesthetransmittancefor al the deposited samples. The
undoped filmsshow atransmittance of 62.8% (800 nm)
and thedopingincreasesthetransmittancevaueup to
81.3% (800 nm) for the8wt.% In doping. Thiseffect of
In doping onthetransmission of CdO filmsmay bedue
tothestructural and surface effects. These effectssuch
ashetter crystdlinity, lesssurfaceirregularity and defect
dengty canincreasethetransmission.

Theability of amateria to absorblight ismeasured
by itsabsorpti on coefficient. The absorption coefficient
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() is ca cul ated using the equati on®2:

o=In(1/T)/d 4
WhereT istransmittanceand disfilm thickness. The
variaion of theoptica absorbance coefficentwithwave-
lengthisshowninFigure4, It wasclearly seenthat the
absorbanceincreaseswith thedecreaseinwavelength
and decreaseswith theincreasing In doping concentra-
tion. Thesharpincreasein aosorbancea thewave ength
A<550nm is due to the onset of interband transitions at
thefundamental edge. the optical band gap val ues ob-
tained by extrapolating thelinear portion of the plotsof
(ahv)? versus (hv) to a= 0. These plots are given in Fig-
ure5. Better linearity was observed intheformer case
and it wasdetermined that al filmshaveadirect band
trangition. Theoptica band gap of thefilmsdightly in-
creaseswith theincreasing In doping. For CdOfilmEg
=2.55(eV) andthe Eg values of In (2-8%) doped CdO
filmsequa t02.6,2.65,2.62 and 2.58(eV),thisdight shift
of theband gap with theincreasein Indopingismainly
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=0 wt %In
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Figure3: Optical transmittance spectra of In doped and
undoped CdO films.
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Figure4: Thevariation of theabsor ption coefficient with
wavelength.
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Figure5: The(ahv)2 versus photon energy (hv) for In doped
and undoped CdO films.

related to theincrease of carrier density*034,
Electrical properties

Hall voltage measurement was madeto determine
someelectrical propertiesfor un-doped and In doped
sampl es at room temperature in aconstant magnetic
field of 0.55T. Hall constant (R ,), the conductivity (c),
electrical resgtivity (p), carrier Concentration (Ne) and
mobility (i) havebeen caculated from Hall voltageand
theobtained valuesarelistedin TABLE 5. Hall mea-
surement indicates that CdO and In-doped CdO are
n-typemateria and e ectronsarethemgority carrier of
current. From Table, itisclear, that conductivity and
carrier concentrationsincreased with theincreasing of
doping levelsfor dl thefilms. Thisindicatesthat the
dopant Inionsin CdO film can either enter into the
crystdlinestructureof CdO existing mainly in substitu-
tiond state or adsorbedin grain boundary regions. Since
Inionssubstituting Cdionsin Cd lattice can liberate
more conducting el ectronsin the conduction band,the
increaseof In concentration to certainlevel can signifi-
cantly enhancethe concentration of € ectronsand hence
the carrier concentration®3. Thevariation of electrical
resigtivity (p) as a function of In-dopoing level is shown
in Figure 6. From the figure one can observethat the
resistivity of thefilmswasfound to decreasewithin-
creasing In-doping. Thesechangesareresulted from
thevariationin Neand carrier scattering by different
microstructural defects, grain boundaries, andionised
impurities. The CdO film possesses aresistivity of
3.925%x103Q.cm which decreases with increase in In
doping concentration up to 4 wt%. Thusthe doping
substantialy reducestheresistivity to 0.925x103Q.cm
for 4 wt% of In. On doping, cadmium might be pro-
gressively replaced by theindium and sinceInbelongs
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tothegroup 11, it contributes an additiona el ectronto
the conductivity. When In concentration isincreased
beyond 4 wt%, In movestoward thegrain boundaries
causing ahigh dispersion of freecarriersthroughgrain
boundaries, thuscontributingto anincreaseinresistiv-
ity. However, the resistivity of doped and undoped
CdO, inthe present work, islarger than those values
mentioned in some other references dueto different
method and procedure of preparation®J. From TABLE
5, themohility va ueincreaseswithincreasing doping at
first until 4wt%. Then at higher doping levels, themo-
bility val ueswere decreased. Thedecreasein mobility
at higher doping concentrationisduetothelossof crys-
tallinity and the presence of neutral impurity centers.

45 -
4 <
3.5 1
3-
25 4
2-
15 4
1 4

px107(Q. cm)

05 A
0

0 2 4 6 8
doping level
Figure 6 : The variation of electrical resistivity (p) as a
function of In-doping level.

TABLE 5 : The hall constant(R,)), the conductivity (o),
electrical resistivity(p), carriers concentration(Ne) and
mobility(p) of In doped & undoped CdO thin films.

CdOo 10.18 2.54 3.92 6.14 25.9
CdO (2 wt%) 8.05 9.09 1.1 7.76 73.2
CdO (4 wt%) 7.74 10.81 0.9 8.07 83.6
CdO (6 wt%) 6.46 5.97 1.67 9.67 38.6
CdO (8 wt%) 5.57 7.63 1.31 11.22 425

The present work provesthat light dopingwithIn
improvesthe dc-conduction parametersof CdO. These
resultswerein good agreement with Dakhel 3+,

CONCLUSIONS

Transparent and conducting In-doped cadmium ox-
idefilmswere deposited on glasssubstrates at 350+10
C° by spray pyrolysis method. The effect of In doping
concentration on structural ,optica and dectrica proper-
tieswereinvestigaed. Thepolycrystdlineln- doped CdO
filmswere confirmed to be cubic crystal structurewith
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no evidence of In,0,and CdO, or mixed phases. In-
doped CdOfilmsexhibit good optica transmittancewith
increased bandgap valuewas compared withthe corre-
sponding values of CdO film. The band gap value of
2.55eVfor CdOincreasesand reechesamaximumvaue
of 2.65eV a 4 wt% In-doping. A minimum resistivity of
0.9x1073 (Q.cm) with maximum carrier mobility of
83.6(cm?/V.s) is achieved at the optimum In-doping level
of 4wt%. Theminimum resistivity with high transmit-
tanceinvisblerangefor In-doped CdOfilmsmakethem
extensvey usedinoptod ectronicdevices The XRD and
AFM messurementsgivesanindication that thecrysta -
litegzeliewithinthenanocrystd range
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