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ABSTRACT

KEYWORDS

Thickness varied thin films of undoped and Boron doped Zinc oxide have
been prepared on glass substrates by advanced spray pyrolysis techniques
at low substrate temperature (200°C) using different volumes of 0.075M
non-aqueous solution of Zinc acetate and boric acid for doping. The struc-
tural, optical and electrical propertiesof undoped zinc oxide (ZnO) thin films
of various thicknesses were compared with those of B-doped (BZO) thin
films. Transparent, high-quality undoped ZnO and BZO films were depos-
ited successfully using advanced spray pyrolysis technique at low sub-
strate temperature (200°C). Thefilmswere polycrystalline with ahexagonal
structureand astrongly preferred orientation along the c-axis. X-ray diffrac-
tion analyses showed that the crystallinity of BZO films were deteriorated
by addition of boron as compared to undoped thin films. Moderately high
average optical transmittance has been observed for doped films than
undoped filmsinthe visible part of the electromagnetic spectrum. Blue shift
in optical band gap is observed due to doping. Enhanced electric conduc-
tivity isobserved for BZO thinfilm as compared to undoped films of differ-
ent thickness. © 2012 Trade Sciencelnc. - INDIA
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INTRODUCTION

Zincoxide(ZnO) isoneof themost prominent metal
oxide semiconductors. It isan n-type semiconductor of
hexagond (wurtzite) structurewith adirect energy wide
band gap of about 3.37eV at room temperature. Itisa
versatile materid with good € ectrical and optica prop-
erties, therma and chemical stability. Itisabundantin
nature, low-cost and non-toxic. Duetothisversatility

ZnO hasdrawn considerableattention. It hasbeenfind
amultitudeof immensely important gpplicationsinelec-
troni c and optoel ectronic devices such astransparent
conductors, solar cell windows, gas sensors, surface
acoustic wave (SAW) devices, heat mirrorsetci*9. It
isalso being considered asapotentia candidateinthe
new frontiers of research like spintronicg®. Extensive
studies have been made on the structural and optical
properties of ZnO thin films grown by varioustech-
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niques’™.

Doped and undoped ZnO thinfilmsare currently
under intenseinvestigation and development for opto-
el ectronic and energy conversion gpplications. In par-
ticular, transparent and conductive B:ZnO(BZO) films
arebang consderedfor manufacturing transparent dec-
trodesinflat pand displays, solar cellsand organiclight-
emitting diodesduetotheir high electro optical qudity,
highmaterid availability and low materid cost for large
areaapplicationd'®,

Thedectricd resgtivity of ZnOthinfilmsdecreases
by doping it with positivetrivalent atomssuch as (Al
Ga, In, B) a cationsite?® 4, Theincorporationof Bin
ZnO showed improvement and stability of conductivity
of ZnO:B films. Among the processes used to prepare
undoped & BZO coatings, advanced spray pyrolysisis
considered to beasuitabletechniquedueto itsinherent
characteristics such ashigh depositionrate, good con-
trollability and scalability to large areas In advanced
spray pyrolysistechnique, basic structure of the system
iscompletely changed. Inthissystem, nozzleisfixed
and placed at inferior (below) position and compl ete
reaction of decomposition takesplaceinthereaction
chamber, only thefinal product in thevaporsform can
be deposited onthe substrateswhich are kept at alow
temperature. With thehel p of thissystemwe have suc-
cessfully deposited FTO thin filmg*dl,

Severd studieshavebeen donefor theinterrdation
between the sructura, optica and eectrica character-
istics of undoped ZnO and BZO layers. Besides, it
should be noted that for the sametemperature and at-
mosphere, thelayer properties can also be dependent
onthefilmthickness. In general, themean crystallite
sizeisfound increasing and the gap energy decreasing
asthefilmthicknessincreases. Thus, itisimportant to
know how the undoped and BZO layer propertiesare
affected by thefilmthickness.

Inthiswork, the undoped and BZO thinfilmswith
variousthicknesses have been deposited by advanced
spray pyrolysisat room temperature. Then, they have
been anayzed comparatively by structural, optical and
electrical measurements. The objectiveisto get abet-
ter understanding of the rel ationships between the dif-
ferent characteristicsof theundoped and BZO layers
and their dependence on thefilm thickness. Thiswill
contributeto optimize theeectro optica quality of the
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materia astransparent and conductive e ectrode.

EXPERIMENTAL PROCEDURE

Thefilmsof ZnO and B:ZnO were deposited on
glasssubstrates by advanced spray pyrolysistechnique.
Itisavery smpleand relatively cost-effective method
for preparing films of any desired composition under
controlled conditions, involving the spraying of asolu-
tion containing asol ublesdt of the cation of interest on
toaheated subgtrate. Thedetailsof film deposition has
been reported el sewherd .

Inthepresent investigationtheZnO & B:ZnOthin
filmswere deposited on properly cleaned glass sub-
strates, all having 2.5cm x 1cm dimension . The pre-
cursor solution used was of 0.075M concentration of
high purity zinc acetate dehydrate (AR grade Thomas
Baker, India) prepared in methanol (CH,OH). Boric
acid (AR grade Thomas Baker, India) wasused asthe
source of dopant. The dopant concentration of Boron
(B/Zn &%) was 0.75at% prepared for different solu-
tion quantity. All the undoped and B-doped ZnO thin
filmsof fivedifferent thickness were prepared sepa-
rately for different solution quantity under thesamepara
metric conditions, asgivenin TABLE 1. Thedetailed
description of the spray systemisgivenin®, During
optimization of the process parametersfor preparing
ZnO & B:ZnOthinfilms, thesubstratetemperaturewas
found to bethe most important parameter influencing
the film properties. To obtain good-quality ZnO &
B:ZnOthinfilms, suitablefor transparent conducting
studies, the optimized value of substrate temperature
wasfound to be200°C. Inthe present investigationthe
substrate temperature wastherefore kept at aconstant
vaueof (200+ 10)°C. Filmthicknesswas determined
by surface profiler model Ambios X P-1. Thetempera:

TABLE 1: Depostion conditionsfor ZnO & B:ZnO

Par ameter Value
Substrate temperature(Ts) 220°C
Reaction chamber temperature 330°C
Air flow rate 10 LPM
Spray Rate 6ml/min.
Zinc acetate concentration 0.075M
Boron doping concentration 0.75%
Sprayed quantity 100 to 500ml
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turewas monitored during the entire deposition pro-
cessusingachromd-aume thermocouplewiththehdp
of PID temperature controller. The structural charac-
terization of the filmswas performed using aBruker
AXS X-ray diffractometer with phaseidentification us-
ing PAnaytical X Pert HighScore with Cu-Ka radia-
tion (A =1.5418 °A). Thediffraction angle ‘26’ was
varied from 30 °t0100° with astep of 0.02%min. For
electricd characterization, high conducting silver paste
was used to make ohmi ¢ contacts on both ends of the
ZnOthinfilms. Thecontactswereproperly placed and
dlowedtodry. Thefilmswere mounted on atwo-probe
assembly. Thetemperatureof thefilmwasvaried from
room temperature (20°C) to 500°C in steps and al-
lowedto equilibratefor sometimeat intervalsof 10°C.
At each stabletemperature, theelectrical resistivity of
thefilmwasobta ned from theres stance measurements
performed usngadigita multimeter. Theopticd trans-
mission spectrafor undoped and B-doped ZnO thin
filmswereobtainedintheultraviolet (UV)/visble/near-
infrared(NIR) region from 200 to 1100nm using UV-
V1S spectrophotometer(Shimatzu 1800 model). The
measurementswerecarried out in thewavel ength scan-
ning modefor normal incidence at room temperature
using anuncoated glassdideasreference.

RESULT & DISCUSSION

Non-agqueous sol ution of zinc acetate dissolvedin
methanol, when sprayed over the preheated substrates
through the reaction chamber, pyrolytic decomposition
of solution takes place and constituent reactsto result
into zinc oxide. The possiblechemica reaction of ZnO
filmformation from zinc acetate solution asfol lows*9,
Zn(CH,C00), .2H,0+2CH_OH —» ZnO +2(CH,COCH ) +
3H,T+0,"

Thefilmsdeposited onto theamorphousglasssub-
stratesweremirror smooth, uniform and wel | adherent
to the substrate. For Boron doping, the corresponding
quantities of 0.8at% Boric acid (H,BO,) dissolvedin
methanol were added to the main solution.

Figure 1 showsthicknessvariation of undoped and
Boron doped Zno thin films. From Figure 1 it isob-
served that doping of boron causesto increase thick-
nessof thinfilm*”, Accordingto B.J.Lokhandethismay
beduetodifferenceinionic radiusof boronand Zinc.
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Figurel: Variation of filmthickness

lonicradiusof boronissmaller than zinctherefore, ionic
bonding between Boron and oxygen isstronger com-
pared to theionic bonding between zinc and oxygen.
Thisstrong bonding between boron and oxygen reduces
therate of evaporation and resultsinincreaseinthick-
nessof thinfilm.

Sructural characterization

The X-ray diffraction spectrafor comparison of
undoped ZnO and B:ZnO thin films prepared by ad-
vanced spray pyrolysistechniqueat |ow substrate tem-
peraturefor variation of thicknessareshowninFigure
[2.1] and[2.2]. Thefollowing observationshave been
made from the X -ray diffraction spectraof both films.
It showsthat both undoped and B:ZnO thinfilmsare
polycrystalline. All the diffraction peaksin both pat-
ternsfor al range of thicknessvariation correspond to
thereflection of ahexagond wurtzite-structured with
preferentidly orientation along the c-axis perpendicular
to the substrate surface [ JCPDsNo.(PDF) 80-0075].
The position of themeasured diffraction peaksand the
growth orientationsareindependent of thefilm thick-
ness. But theintengitiesof the peaks, especialy the(002)
peak increaseswithincreas ngthefilmthicknessfor both
undoped and Boron doped ZnO thinfilm. Thissignifies
that theimprovement incrystdlinity withincreaseinfilm
thickness.

Ascompared with B doped thinfilm, undoped ZnO
thinfilmsrevealsgreater intensitiesfor (002) plane.
HenceBoron doping affectscrystllinity of thinfilm. Hu
and Gordonreported that gdlium doped ZnOfilmshave
lessorientationdongthec-axig®®. It suggeststhat, there
issomekind of diffusion barrier to accumulateintersti-
tidly additional Boron atomsinZnO matrix tomaintain
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Figure2.1: XRD ZnO

unidirectiondity and structure

Interestingly it isto be noted that the comparatively
weak reflections(112) and (201) appeared in undoped
ZnOthinfilmswhichwereabsent in Boron doped thin
films. On the other hand, reflections (102) and (110)
newly appeared for Boron doped thin films. Ascom-
pared to undoped ZnO thinfilms, thewesk reflections
(100) and (101) haverdativey intensepeaksin B:ZnO
thinfilms. and (103) haverelatively intense peak in
undoped Zno. Except this, no remarkable changein
intensity of other reflectionswas observed.

In order to obtain more structura information, the
averagecrystalitesize(D) for both undoped and doped
ZnO thin films have been calculated using Debye-
Scherrer’s formulal®.

_ oo
" Bcosh, (1)

where A, 0, and B are the X-ray wavelength
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Figure2.2: XRD B: ZnO

(1.54184A), the Bragg diffraction angle, and the full-
width at half maximum (FWHM) of ZnO (002) peak,
resp. Inaddition, to get moreinformetion ontheamount
of defectsinthefilmsthedid ocation density wasca cu-
lated using theformuld?.

-— @

Using (002) peak, the estimated crystallite size,
FWHM, texture coefficient arementioned in TABLE
[2.1]and [2.2] for both undoped and Boron doped
thicknessvaried ZnOthinfilm. Itisevident fromTABLE
that undoped thinfilmshavebigger crystdlitesizeand
smadller vauesof FWHM and did ocation dengitiesthan
BZOthinfilms. Thisimply thebetter crystallization of
undoped thinfilmsthan BZO thinfilms. Quantitative
information concerning the preferentid crystal orienta:
tion can be obtained from thetexture coefficient, Tc,
defined ag?,
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TABLE 2.1: Sructural characterization undoped ZnO

FW .
Solu Thic HM  Grain ch‘S'oz Text
tion Roug. (002) size ol . ure
quan ke - e (my 9ESY (M) oot
tity  (nm) 2 :
gree)
100ml 75 28 0.36 26.74 1.39x10° 1
200ml 160 39.3 0.3134 30.70 1.061x10° 1
300ml 220 60.1 0.3032 31.75 9.92x10°*  2.25
400ml 340 102.4 0.2961 32.48 9.47x10™ 2.21
500ml 420 124.7 0.2952 32.63 9.39x10*  1.959

TABLE 2.2: Sructural characterisation B: ZnO

Solu Thick FW

Dido

tion Roug. HM GT"’“” cation &
guan (nm) (De Size density ture
tity (nm) gree) (nm) (nm)~ coeff.
100ml 102 38 0.42611 19.5158 Z'i(Z)iS 0.93705
200ml 182 59.3 0.40985 20.29 )2(;1;2 0.9581
300ml 261 90.1 0.40687 20.438 zxi%ig 1.1287
400ml 381 132.4 0.39404 21.099 2X21?)633 1.5145
500ml 486 140.7 0.383047 21.705 2X112236 1.8931
[(hkl)/1,(hkl)
T.(hkl) = g 3)

@/ N)Z1(hKI)/1,(hkl)

whereT (hkl) isthetexturecoefficient, I(hkl) isthe
XRD intensity and N isthe number of diffraction peaks
considered. 1o (hkl) istheintensity of the XRD refer-
enceof therandomly oriented grains. From TABLE
[2.1] & [2.2] itisobserved that texture coefficients of
(002) planefor undoped thinfilmshavemoderatdy high
va uesthan Boron doped thinfilms. For 100 and 2000ml
sol quantity, Tc= 1 for undopedthinfilm & itisnearly
equd to onefor doped thinfilms. Thisshowsthat, the
filmsarewitharandomly oriented crystallitesmilar to
the JCPDS reference. But for above 200ml solution
quantity it isgreater than onewhichindicatethe abun-
danceof grainsinagiven (002) direction.

Optical absorption studies

Figure[3] & [4] representsthe UV-visibletrans-
mission spectraof undoped & B:ZnOthinfilmsrecorded
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Figure4: Transmittancefor B doped
inthevisbleregion of 350-1100 nm, as a function thick-
nessof thinfilm. Thesharpfal of transmittance near the
absorption edge (~350nm) observed for all thefilms
indicatestheir good crystallineand direct band gap na-
ture. Herein, lessthicknessfilmswerefoundto behighly
transparent in thevisiblewavel ength region. Average
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TABLE 3.1: Optical & electrical characterization undoped
ZnO

Sheet Fig.of Activation

. 190" energy (ev)

Solution  Avg. B.G.(ev) Res. merit “Elev Eev
quantity trans.(%) — V7 (K.Q) 10°

/Cm-2 (Q)-Z 300- 400‘

400°K 500°K

100ml 90% 329 300 116 159 17

200ml 85% 325 220 089 123 155

300ml 75% 324 180 0310 11 134

400ml 65% 3.22 120 0.12 0.98 1.05

500ml 60% 3.21 90 0.067 0.88 0.94

TABLE 3.2: Optical & electrical characterization B: ZnO

Activation

v Sheet Figof  Eneray(ev)
[ : i E2ev

Solut|pn trans. B.G.(ev) Res. mer_5|t Elev
quantlty (%) (KQ) 10 300- 400-
lem?  (Q)?

400 500

OK oK
100ml 90% 337 11459 3.16 0.992365 1.2425Z
200ml 85% 3.34 526 374 0.74131 0.9160¢
300ml 80% 331 3.169 3.26 0.63126 0.9043¢
400ml 75% 3.28 338 254 0.5953 0.8733¢
500ml 65% 325 136 486 0404082 0.5731¢

transmittance of both films decreaseswith increasing
thicknessof thinfilm. FromTABLE[3.1] and[3.2], it
isobserved that B doped filmshavehigher optical trans-
mittancethan undoped thin films. The optica proper-
tiesof filmsareinfluenced by both doping aswell as
thicknessof thinfilm In order to better investigatethe
influenceof thicknessontheabsorption of theZnOfilms,
the recorded transmission spectrawere employed for
the determination of theoptica energy gap E . Assum-
ing adirect transition between the edges of thevaence
and the conduction band, the variation of the absorp-
tion coefficient o with the photon energy hv can be given
by thefoll owing equation:

A(hv-E,)"?

Q=—
" . @)

Tauc’s plot? of (ahv)? asafunction of theenergy
of incident radiation has been showninFigure[5] &
[6]. Theenergy band gap is obtained fromintercept of
theextrgpol ated linear part of thecurvewiththeenergy
axisand the band gap isobserved to vary in between
3.21eV to 3.29¢V for undoped ZnO thin films and
3.25eV t03.37eV for B:ZnO thinfilms. Thusdoping of
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Boron causes blue shift in band gap. Thismay bedue

to deteriorated crystallinity affected by doping.
Theseobsarved va uesof optica bandgagpareingood

agreement with the previousreportsby otherg? 4,

Electrical characteristics
Thicknessvaried dectrical resstivity measurement
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was carried out by two-point probemethod withintem-
perature range 300-500K for both undoped and Bo-
ron doped thin films. Theroom temperatureel ectrical
resistivity of as-deposited B:ZnO film for thickness
102nmisof the order of 10 * Q-cm which decreased
to 10 2Q-cmwithincreasing thicknessto 486nm. The
decreaseinresstancewithincreaseintemperaturein-
dicates the normal semiconductor behavior. On the
other hand, the room temperatureresistivity of ZnO
filmwasdecreased from >1MQ-cmto 100K Q-cmwith
increaseinfilm thicknessfrom 75nmto 420nm. Thus
theroomtemperatureresistivity of sprayed ZnO films
fdlingamogt linearly withincreasing thickness inwhich
the decreasing trend can be attributed to theinverse
linear dependenceof film resigtivity increaseongrain
size Thegrowthingrainswith filmthicknessleadsto
reductionsin grain boundary scattering dueto charge
carriers, thusdecreasestheresstivity for the obtained
filmsand eventua ly reducesthefilmresstivity.
Arrheniusplot of log(p) against 1/T (Figure 7, 8)
indi cates the semiconducting nature of thin films For
both filmstwo distinct conduction regionsare observed
at low (300-400K) and high temperature(400-500K)

Al -=]100ml

[
l-l].
AZ --q00ml ‘

A% -=500ml

o

I T
Vari afion of resistinby w.r.t Emp. for undoped
Figure7:ArrheniusPlot ZnO

region which indicates more than one conduction
mechanism. From Figure[7, 8], itisclear that thevaue
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Variation of resistivity for Boron doped thin films
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Figure8: ArrheniusPlot B: ZnO

of eectrical resistivity decreaseswith increasing thick-
ness. It may beduetoimprovementin crystallitesize
withincreasngthicknessof thinfilm. Thegrowthingrains
with filmthicknessleadsto reductionsin grain bound-
ary scattering due to charge carriers, thus decreases
theresstivity for theobtained filmsand eventually re-
ducesthefilm resistivity. The activation energy was
obtained usingtherelation,
p=p, &xp(-Ea/kT) ®)
wherep is the resistivity at any temperature, p,iS
theresidtivity at absolute zerotemp. E, isactivationen-
ergy ‘k’ is Boltzmann constant and T absolute tempera-
ture. Theresistivity studiesshow that all thefilmsex-
hibit two activation energiesat different temperature
regions. Theseactivation energiesvary with filmthick-
ness and are listed in TABLE [3.1 & 3.2]. It is ob-
served that activation energiesfor undoped filmshave
highvauesascomparedto B:ZnOthinfilms. Thevaria:
tion of activation energy with solution quantity for
undoped and Boron doped filmsisshownin Figure9.
Thepresenceof defectslevelsduetosmall impuritiesin
Zn source (99.95%pure) are expected to remain same
inall theprepared filmsirrespective of B dopant con-
centration. However, thepossibility of small influence
of impuritiesavailablein B sourceontheactivationen-
ergy of B doped ZnO film may not beruled out. Con-
sidering the accuracy of the data(<7%), alinear de-
creasein theactivation energy with anincreasein B
dopant content was observed, and ismainly attributed
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to theincorporation of B a Znlatticeste Theva ue of
activation energy wasfound to decreaselinearly with
increasein B doping.

CONCLUSION

Both undoped & Boron doped ZnOfilmsaresyn-
thesized by advanced spray pyrolysistechnique depos-
ited at low substrate temperature. All thefilmsexhibit
hexagona wurtzite structurewith (002) preferred ori-
entation of grain growth. Boron doping deterioratesthe
crystdlinity & strongly influencestheoptica properties
of theZnOthinfilms. Theobservedincreaseinoptica
band gap dueto Boron doping compared to undoped
filmscan beduetotheeffect of theBurstein Moss(BM)
effect. Increased thickness and doping of Boron causes
toincreasetheeectrica conductivity.
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