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ABSTRACT

Zinc oxide (ZnO) thin films were deposited by RF magnetron sputtering
onto glass substrates at room temperature. The thickness effect on the
structural, morphological and optical properties of the ZnO filmswasstudied.
Films thickness was calculated by interference fringes method and varied
from 360 nm to 680 nm. The grain size was in the range of 26 - 29
nmcorresponding to nanostructured films. Stressvaluesat different thickness
were investigated. The root mean sgquare roughness of the films increased
from 3.3 to 12.2 nm in the thickness range of investigation. The average
optical transmittance of the filmswas about 85 % in the visibleregion. The
optical band gap of the ZnO films decrease from 3.37to 3.09 eV with
increasingfilm thickness. The refractive index dispersion and dielectric
constants were investigated by Cauchy, Wemple-Didomenico and Spitzer-
Fan models. Theresultsdemonstrated that the optical propertieswere highly
related to structural ones. The obtained films can be used as transparent
electrodes in solar cells. © 2015 Trade Science Inc. - INDIA
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INTRODUCTION

Zinc oxide (ZnO) iswide-band gap semiconductor
of 3.37 eV at room temperatureahigh transparency in
thevisiblerange. Itisvery promising11-V1 semicon-
ductor for optoel ectronic applicationsinthe UV re-
gion, especially for solar cells, gas sensors, acoustic
devices, trans storsand the production of light emitting
devices (LEDs). It hasahexagona wurtzite struc-
ture, anatural n-typeeectrical conductivity andalarge
exciton binding energy (<“60 meV)8, Severa depo-
sition techniques can be used for the production of ZnO
thinfilms, such aslaser ablation”, RF magnetron sput-

tering®, Spray pyrolysis¥ and sol—gel process!™.

Inthiswork, weinvestigated the effect of thefilms
thicknessonthestructural, morphologica and optica
propertiesof undopedZnO films produced by RF mag-
netron sputtering and we showed that the optical and
dielectric constantsare highly related to the structurd
propertiesof thefilms.

EXPERIMENTAL DETAILS

Fabrication of theZnO thin films

TheZnO thin filmswere prepared on amorphous
glasssubstratesat room temperature by RF magnetron
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Sputtering using aceramic target of pure ZnO (99.999
%) with athicknessof 5mm andadiameter of 200mm.
The Glass substrateswere used in thisstudy thanksto
ther low cost, hightransparency, highinsulating prop-
erty and low optical absorption above about 300 nm
(for ZnO, absorption edgel ocates atabout 360 nm).
Before deposition, cleaning of the glasssubstrateswas
performed by asoap solution followedby degreasing
with acetonein an ultrasonic bath. The substrateswere
then rinsed properly with de-ionized water and driedin
ar. Thesubstrateswererotated (15 rd/mn) and placed
parale tothetarget surfaceat adistance of 65 mm. RF
magnetron sputtering power was adjusted to 200 W.
Inorderto avoi dcontaminati ngthefilms, the chamber
wasevacuatedtoa base pressureofabout 10“Pa.
Argongaswasintroducedintothe chamber
throughamassflowcontroller. Themassflowofargon gas
wasfixedat2.6 sccm, corresponding to afinal pressureof
1.0Pa. Thetargetwaspre-sputteredfor15mintoremove
contaminants. ZnO filmswith different thicknesseswere
deposited by varying deposition time. The grown
samplesarerepresented using thenotationsEL, E2, E3
and E4 corresponding to athicknessof 360 nm, 485 nm,
575 nm and680 nm, respectively.

Characterizationsof the produced films

Obtained ZnO filmswere characterized using X -
ray diffraction (PANaytica X’Pert Pro, Philips Co, Ltd)
with CuK_ radiation (4 =0.15406 nm) toidentify the
crystal structureand orientation of each phase. ASTM
tablewereused for indexing thelines. Filmthicknesswas
ca culated with Swanepod procedure™ whichisbased
on the use of the extremes of theinterferencefringes.
Surface morphology was observed using an atomic
force microscope (Nanoscopel llaVeeco type dimen-
sion 3100). Theoptical propertiesof thefilmswere
measured a normal incidenceinthewavel engthrange
from 300 to 1800 nm using adouble-beam UV-VIS-
NIR spectrophotometer (Shimadzu).

RESULTSAND DISCUSSION

Sructurecharacterization

Figure 1 shows the XRD patterns of ZnO films
deposited at different thicknesses. All samplesexhibita
(0 0 2) peak at 28<“34°, indicating that the RF
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sputteredZnO films have ahexagona wurtzite struc-
ture and show agood c-axisorientation perpendicul ar
tothesubstrate. Thec-axisorientationin ZnOfilmscan
be explained by the model proposed by Drift*2, Ac-
cording tothismodel, nucl eation withvarious orienta-
tions can be formed at the initial stage of the
filmdeposition and each nucleus competesto grow; but
only nuclei having thefastest growth rate on the sub-
strate cansurvive, i.e., c-axisorientationisachieved.
The absence of additional peaksinthe XRD patterns
excludesthepossihility of any extraphasesand/or large
size precipitatesin thefilms. The (0 0 2) ZnO peak
intengity increasesasthefilmsthicknessincreasesfrom

E1 (360 nm) toE4 (680 nm).
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Figure 1: XRD patterns of ZnO films deposited on glass
substratesat different filmsthickness

Toassessthecrysta qualityof ZnOfilms, thegrain
sizeas a function of film thickness was calculated
fromXRD databy Scherrer formuld*®!:

092
Bcoso @

whereD istheaveragegrain size, A isthe X-ray wave-
length, @isthediffraction angleof thepesk and Bisthe
vaueof thefull width a half maximum (FWHM) of the
(002) peak. Asfilm thicknessincreases, theFWHM
decreasesfrom0.32t00.29 and thegrain Sizeincreases
from 26 to 29 nmindicating an enhancement of thecrys-
talinity. Similar behavior wasreported by W.L. Dang
etal.™ and C. S. Baek et al.[*9.

Thedtraine inZnOthinfilmsa ong c-axis perpen-
dicular to thesubstrate was ca cul ated using the equa
tion:
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Figure2: AFM imagesof ZnO filmsat different filmsthickness (Surfaceareastudied =2 x 2 pm2)

£(%) = 2% 100% o

CO
where Ac isthe difference between thelattice param-
eter ‘¢ of the films (calculated from XRD data) and the
|attice parameter ‘c,’ of unstrained ZnO (5.206A)16,

For hexagona systems, theresidua stressa intheplane
of thefilm can be calculated from the strain (see Eq.
(3)) withthebiaxid strainmodel*9:
o=2C,— Cu(Cy+Cp) x& 3

13
whereC, are the elastic stiffness constantsfor single
ZnOcrystaI (C,=208.8GPa, C_=213.8GPa,C =
119.7 GPa, C = 104.2 GPa)!*" g The estimated val-
uesof stresso i nthegrownfilmsarefound to decrease
from-4.7410-0.09 GPawith filmsthickness. Thenega
tivestressvauesindicatethat thefilmsarein astate of
compressiveintrinsic stress®2%, Theintrinsic stress
originatesfrom defectsinthefilmsandisthought to be
associ ated with the sputtered particlesbombarding the
grown film during sputtering process, whichwill cause
latticedigtortion of thefilmstoincreasethe stress?.

M or phologicalcharacterization

Woterioly Stience - mm—

Figure2 displaystheAFM micrographs (2 um x 2
um) of theZnO filmswith variousthicknesses. It can
be seen that all samplesdemonstrates auniform and
densely packed granular arrangement. Thecrystallite
diameter measured usingAFM analysisisaround 19,
33,50and 65 nmfor E1, E2, E3 and E4, respectively.
Thegrain sizeestimated by XRD dataand the crystal -
litesizeindicatingby AFM vary inthesametrendindi-
cating that crystalliteis composed of small grains sur-
rounded by the grain boundaries. The RM Sroughness
isgradually increased from 3.30t0 12.23 nmwith film
thickness. Thisincrease may berelated to the larger
grainsizeformationaswell asanincreaseinthegrain
film porosity??. Such anincrease of RM Sroughness
withincreasing filmthicknesswasadsonoticedby R. S.
Reddyet al .3, Theincrease of RM Sroughnessof ZnO
filmsleadssignificant effect ontheindustria applica-
tionssuch asgas sensors.

Optical characterization

Figure 3 showsthetransmittance (T) spectrainthe
wave range of 300 - 1800 nm of theZnO films with
different thicknesses. All the spectrareveal very pro-
nounced interference effectsin thetransparency and
NIR regions (400 - 1800 nm) withasharpfal of trans-
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Figure 3: Optical transmittance spectra of ZnO at differentfilmsthickness

mittancea theband edge. All thefilmsarehighly trans-
parent with transmittance valuesintherangeof 75- 90
%. Inaddition, thereflectancevauesfor dl thesamples
areintherangeof 10- 25 %. Thisresult suggeststhat
thesefilmsbehave asatransparent material andindi-
cate agood optical quality dueto thelow absorption
lossesinthevisibleand NIR range. Hence, thesefilms
can be used astransparent window material sin many
optoelectronic devices.

The absorptioncoefficient of the ZnO films
isevd uatedfromthetransmittance (T) andreflectance (R)
databyusingthefollowing formul d??:

a=2 Ln{—(l_ R) }(cm‘l)
d T

wherea istheabsorption coefficient, disthefilmthick-
nessand Rand T arethereflection and transmission
coefficients, respectively.

Figure 4 showsthe dependence of the absorption
coefficient onwave engthsfor theZnO filmswith differ-
ent thicknesses. It can be seenthat all thesampleshave
relatively high absorption coefficients (higher than 10°
cnrtinthe UV region). Similar behavior wasreported

4

byN. Ekemet al.®. Thisresult reved sthat thesefilms
have potential in photovoltaic applications®!. Further-
more, the strong absorptionregion extendsuntil smaller
wavelengthswhich belongto the UVregion. So, these
filmsaredso promising materialsfor solar protective
coatings?-,

Theoptical band gapEgof thefilms can bedeter-
mined from the absorpti oncoefficient of thefilmsusing
therelation for parabolicbhands™”:

(ahv)? = A ~E,*) ®

where, hvisthe photon energy, Aisconstant and E, is
the optical band gap. The values of thedirect optical

band gaps are obtai ned by plotting (cchv)? asafunc-

tion of hand extrgpolating thelinear portion of thecurve
to the energy (h) axis.(h)? versus hfor the deposited
ZnOfilmsarepresentedin Figure5. Theoptical band
gap valuesof thedeposited ZnO filmsarefound to de-
creasefrom 3.37to0 3.09 eV with film thickness.
Thedecreasein bandgap vaueswithincreasingthe
filmsthickness (seeFigure 6) can beexplanedwiththe
relaxation of the compressivestressdueto longer cycle
timesasreported by T. Singh et al U, Indeed, the com-
pressed | atticeisexpected to provideawider bandgap
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Figure4: Absorption coefficient of ZnOat different filmsthickness
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Figure5: TheTauc plotsof ZnO at different filmsthickness
because of theincreased repul sion between the oxygen s oy V2
2 p and thezinc 4sbands®. n=[N+(N*-5°)"] ©)
Therefractiveindex n (1) canbedeterminedusingthne  Where
transmission envel opesofthinfilmsdeposited on T T 41
atransparentsubstrate™!. Usingthismethod, therefrac- N =2S 'MF T m 4 > 0
M 'm

tiveindex isexpressedby4.
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Figure 6 : Sress evolution in ZnO thin films with increasing thickness andbandgap evolution in ZnO thin films with
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2.6 "
¥ lI
.
|
|'-' :I A
24+ | |
L\ 1A
R
é ’ | AR
= AT
- ‘ v_ﬂ \
.g 20 = \ L BN
5 A Y
5 T
5 E - % .Y !‘:: MAAA S R R e Rl ]
E l .". ALAAALLALSALALALALAASA MR AR AR il Ad kA Aid i ik ik
= .,
2,0m ‘m-’:;i s sedsENne
[ T
1.8 . r T . ;
300 600 9200 1200 1500
Wavelength (nm)

Figure7: Refractiveindex ver suswavelength 2of ZnO at different filmsthickness

where Sistherefractiveindex of the glass substrate.
T,,and T_ arethe envel ope val ues at maximum and
minimum positionsof thetransmission pectra, respec-
tively. Figure 7 showstherefractiveindex evolution as
afunction of wavelength. It’s clear that the refractive
index values decrease sharply in the range of 400 —

750 nm thanstabilizein therange of 750— 1500 nm.
Therefractiveindexesfor all samplesarefoundtoin-
crease by increasing film thicknesses. Thisresult may
beduetotheincreaseinthevauesof grainsizeand the
improvement inthecrystallinity indicating animprove-
ment infilmsdensity. With theincrease of film thick-
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ness, thefilm becomesdenser and denser. n (1) of the
deposited ZnO thin films are fitted by the Cauchy
model®;
n(i):n0+%+%+% ®)
wheren, , A, B and C are the Cauchy’s parameters
and isthewavelengthof thelight used. Thegood fit
impliesthat thefilmshave normal dispersion for the
entirestudied wavelength range. Theestimatedva uesof
N, » A B and C evaluated fromthefittingof n(7)
bytheCauchyformul aaretabulated in TABLEL
Thesingleoscillator Wemple-Didomenico®=7 was
alsousedtofit thedispersion of refractiveindex as.

2 E
n“(hv) =1+ Eoz—d—I(EI:v)z )
where hy isthe photon energy, E isthesingleoscilla-
tor energy whichisameasure of the energy difference
betweenthe ‘centres of gravity” of the valence and con-
duction bandsand anindicator for theenergy gap quan-
tification of thematerial® and E, isthe dispersion en-
ergy whichrepresentsameasure of theaverage strength
of interband optica trangtions. Figure 8 showsplots of
(n*—1)"'versus (hv)? and by fitting astraight line, E,
and E can bedetermined directly from slope, (E E)'
andtheinterceptE /E , onthevertica axis. Therefrac-
tiveindex n,, , canalso bededuced fromthedispersion
relaionshipfor (hv) °! 0, extrapolated fromthe Wemple-
Didomenico singleoscillator fit.

Theestimated valuesof n, , E and E at different
filmsthicknesswereregrouped in TABLE 1. Wenote
that thevaluesof n, found by the Cauchy fitting and the
Wemple-DiDomenico modelareingood agreement.

Under thesamemodd, therefractiveindex canaso
be analyzed to determinethelong wavelength refrac-
tiveindex n , average oscillator wavelength jand os-
dillator length strength § of each thinfilm. Thesevalues
can be obtained by using thefollowing rel ationg®47:
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Figure8: Plot of (n2-1)-1 versus (hv)2 of ZnO at different
filmsthicknessforthedeter minationof nO,n”, 5@R5@R0, S0,
EOand Ed

TABLE 1: Calculated valuesof Cauchy parametersno0, A,
BandC

n 5 2 10 4 5 6
oc A(I0nNnm) B(10 nm) C(10 nm)

1 181 0.218 -1.72 7.39
E2 19 1.340 -7.76 118.83
E3 204 0.941 -6.70 147.25
E4 211 1.553 -10.77 203.16
2 2
n~ -1
it < (10)
n--1 A
2 2
n°, =1+ S 4, (11)
i 2
n2 _ 1 — SO 0 5
A
1-| %o (12)
A

From Figure8, weobtainn, and jvaluesfromthe
linear part of 1/(n>-1) versuscurve. Thesevauesare
summarizedinTABLE 2.

Using the Spitzer-Fan model“Y, certaindiel ectric
constantswhich arelinked to therefractiveindex n(/),
are determined allowing better analyze of

TABLE 2: Calculated valuesofwempleDidomenicopar ameter s

Eq(eV) Eo (8V) Eq(eV) No,w So (um’) Ao (nm) Noo
El 3,37 573 14,85 177 55,28 0,21 1,75
E2 3,17 4,51 10,28 1.90 29,20 0,27 1,80
E3 3,13 3,85 9,95 2.03 26,70 0,28 1,85
E4 3,09 3,95 8,50 2.15 17,45 0,35 1,90
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TABLE 3: Calculated valuesof dielectric constants(spitzer-  theoptica propertiesof thethinfilms.

fan mode) g =n’-k’=¢,-[e’/xc®|(N /m")A® (4
Eo -4y, N/m*(10° g cm’®) ' ”
El 755 1-16.72 7.16 2 2 *\ 52
e’ /xc” |(N/m A =-4r 15
E2 495 047987 3.63 [ _ I _ ) e _( )
E3 475 043793 283 wheree,isthehigh-frequency dielectric constant inthe
E4A 500 021455 152 absenceof any contribution from free carrier, kisthe
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Figure9: Plot of theoptical dielectric constant er = n2—$<2v%rsus,12 ofZnOat different filmsthickness
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Figure10: Plot of (“4mye) ver susi2of ZnO at different filmsthickness
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extinction coefficient, y istheelectricfreecarrier sus-
ceptibility, N/m* isthecarrier concentration to the ef-
fectivemassratio, eistheeectronic chargeand cisthe
velocity of light. Thevaluesof N/m*and ¢, were esti-
mated by plotting ¢ versus A* (Figure 9) and summa-
rizedinTABLE 3.

Figure 10 shows (“4ry, ) versusA>. Thefigurede-
pictsthat x_increasesin magnitudewith thewavelength
and becomes sufficiently largeto reducetherefractive
index and the diel ectric constant in the near-infrared
region. A good fit to astraight lineisseenfromwhich
thefreecarrier susceptibility valuesat the extremes of
theinvestigated range were estimated.

CONCLUSIONS

In conclusion, we have studied the effect of the
thicknessonthestructural, morphol ogica and optical
propertiesof theZnO thin films prepared by RF mag-
netron sputtering. All the samples haveatypica hex-
agonal wurtzite structurewith asmooth surfaceand a
growth inapreferred orientation along the direction
(002). AFM images showed that thegrain sizeand sur-
face RM Sroughness are obvioudy influenced by the
ZnOfilmthickness. Grain szeand RM Sroughnessin-
creased with increasing thickness. The optical trans-
mittance of ZnO filmswasover 80 %inthevisblere-
gion, and red-shift of the optical absorption edgewas
observed. The optical band gap decreased from 3.37
eV to 3.09 eV with increasing thickness from 360to
680 nm. We usedthe models of Cauchy, Wemple-
Didomenico and Spitzer—Fan for the analysis of the dis-
persion of therefractiveindex and the determination of
theoptical and didectric constants. Thesestudiesshow
thatZnO hasexcellent optical propertiesfor solar cell
goplicationsasantireflection coating.
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