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ABSTRACT

Copper doped zinc oxidethinfilm (Cu : ZnO) was deposited on microscopic
glass substrate following a chemical technique called successive ion layer
adsorption and reaction (SILAR). Structural characterization by X-ray dif-
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fraction (XRD) revealed loss of preferred c-axis orientation and decreasein
particle size due to copper incorporation. Morphology using SEM shows
porous polycrystalline structure. Optical band gap measurement using UV-
VIS spectrophotometer shows a decrease in band gap energy due to cop-
per incorporation. Gas sensitivity in presence of 200 ppm (partsper million)
H,Swas found to increase from ~40% for ZnO to ~60% for copper doped
ZnO. Palladium surface sensitization was found to further enhance the

sensitivity.  © 2014 Trade Sciencelnc. - INDIA

INTRODUCTION

Zinc oxideisamultifunctional material. Because
of itshigh chemical stability, low dielectric constant,
high luminoustransmittance and catalytic activity in
different gasenvironments, ZnO based materialsfinds
applicationsin el ectronic and optoel ectronic devices
such astransparent conductors, solar cell windows,
dielectric ceramics, and gas sensorg*?. ZnO isone of
theearliest discovered gassensing materia andissen-
sitivetotoxic and hazardous gases with satisfactory
stability™®. Thesensing performance of themateriad can
beimproved by incorporating dopants and additives
and Cuin ZnO may be useful for promoting sensing
propertiesto LPG and H,S*. Different physical and
chemicd techniques have been applied to prepare Cu
doped ZnO thinfilms. Theconventiond physical tech-

niques generally produce good quality transparent
films. However they are very expensiveand arediffi-
cultto carry out intheindustrial level. Chemical tech-
niquesinvolving agueousroute, on theother hand, are
relatively smpler and cost effective. Accordingly they
canbeeasly scded upforindustrid gpplications. Since
thelast two decades, chemical techniqueshave come
out to beagood alternativefor material preparation
inthinfilmform. Inthisstudy, ZnO and copper doped
zinc oxide (Cu : ZnO) thin filmswere synthesized us-
ing arelativelessused and lessinvestigated chemical
method called successiveionic layer adsorption and
reaction (SILAR) technique.

The SILAR method, a so known asmodified ver-
sion of chemical bath deposition, hasanumber of ad-
vantages apart fromit being inexpensive, smpleand
convenient for large scaledeposition: i) the processcan
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be carried out on any kind of substrate, ii) It does not
requirevacuum at any stage, iii) thedeposition rateand
the thickness of thefilm can be easily controlled by
changing thedeposition cycles, iv) being alow tem-
perature chemical method, doping of metal ions may
be particularly suitable by thismethod. The SILAR
method isbasically atwo-step chemical bath deposi-
tion techniqueinwhichasubstrateisdippedinanionic
and cationic precursors. Sequentia reaction onthe sub-
strate surface under optimized conditions of concen-
tration and pH of the reacting solutionsresultsinthe
formation of thefilm. Preparation of ZnO thinfilmis
performed usingazinccomplex solution asfirst dipand
adipin hot water bath kept near boiling point asthe
second dip. Before deposition, the glass substrateis
cleaned by chromic acid followed by cleaning with ac-
etone. Thewell-cleaned substrateisimmersedin the
cationic zinc complex bath for aknown standardized
timefollowed by immersionin hot water for the same
timefor hydrogenation. The present study dealswith
the preparation and characteri zation of ZnO and Cu-
doped ZnOthinfilmsby SILAR andtheir gassensing
characterizationin presenceof H,S Theconcentration
of Cuwasintentionally chosento belarge (6 at. %) so
that the effects of Cu (if incorporated in the ZnO | at-
tice) can be easily detected.

EXPERIMENTAL

Purezinc oxidefilmswas deposited on glass sub-
strates (microscope slides) by aternate dipping into
0.1M ammonium zincate [(NH,) ZnO,] bath kept at
room temperature and hot water maintained near boil-
ing point. The pre-cleaned substratewastightly heldin
aholder sothat only arequisiteareafor film deposition
wasexposed. Thus, thefilm deposition areacould be
eadly varied by adjusting the holder arrangement. The
ammonium zincate bath, used for deposition was pre-
pared by adding ammonium hydroxide (~25% pure
ammoniasolution; Merck, Mol. Wt. 17.03g/mol, den-
sity 0.91) to an agueous solution of zinc sulphate
[ZnSO,.7H,Q]. ThepH of theammonium zincate solu-
tionwas~11.10. pH measurement wascarried outina
systronics pH meter (Model 335). Copper doping was
carried out by adding copper chloride (CuCl,.2H,0)
inammonium zincate bath.

Woateriolsy Science  mmm——

Thedetail s of pure ZnO film deposition process
from ammonium or sodium zincate bath have beenre-
ported earlier®™>7". Bri€fly, apre-cleaned substrate (mi-
croscopic glassdide) wasaternatively dippedin zinc
complex solution (zincate bath) kept at room tempera:
ture and hot water bath maintained at ~95-98°C. One
st of dippinginvolved dippingin zincatebath for two
(2) secondsand two (2) secondsin hot water bath. 50
dipping were performed for the present experiment.
Copper concentration wasvaried upto 6% in the bath
solution. Further addition of CuCl, resultedin precipi-
tation inthe zincate solution. The phaseidentification
and crystalline propertiesof thefilmswere studied by
the X-ray diffraction (XRD) method employingaPhilips
PW 1830 x-ray diffractometer with CuK radiation
(AL=1.5418 A). The 26 variation was employed with a
0.05 degrees step and atime step of 1 second. The
experimental peak positionswere compared with the
standard JCPDSfilesand the Miller indiceswerein-
dexed to the peaks. Scanning electron microscopy
(SEM, Modd S530, Hitachi, Japan) was used to study
the surfacemorphology and toillustratetheformation
of crystalitesonthefilm surface.

Spectrophotometric measurementswere performed
by usngaUV-V IS spectrophotometer (Shimadzu, UV-
1800). Optica measurementswere carried out a room
temperature. The spectra were recorded by using a
similar glassasareference and hence the absorption
dueto thefilm only was obtained. The optical absor-
bance spectrum was measured within thewavel ength
range of 200-500 nm. The band gap of the films has
been cd culated from the absorption edge of the spec-
trumusing Tauc formulafor direct band gap materid.

Theelectrical res stance of thefilmswas measured
before and after exposure to 200 ppm H,Susing a
Keithley System Electrometer (Modd 6514). Approxi-
mately 5 mmlong silver (Ag) contacts, separated by 2
mm, were made on thefilmsfor el ectrical measure-
ments. Thedimension of thefilm was6 mmx 6 mm.
Thewidth of the e ectrodeswas approximately 1 mm.
The film was mounted on a home-made two-probe
assembly placed into aceramic tubewhichwasinserted
coaxialy insdeares stance-heated furnace. The con-
ducting silver (Ag) pastewas cured at 200°C. Com-
mercialy availablecaibrated mixtureof hydrogen sul-
phide (H.,S) inair (Spancan, USA) was used. Before
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exposing to target gas, thefilm wasallowed to equili-
brate at the operating temperaturefor 30 minutes. The
sensing characteristicsweremeasured by measuring the
resi stance change with respect to time. Palladium sur-
facesengtization of thefilmwascarried out using chemi-
cd dippingtechnique.

RESULTSAND DISCUSSION
Figure 1 showsthe X-ray diffraction (XRD) pat-

ternsof ZnO and Figure 2 showsthe XRD pattern of
Cu: ZnOfilm. Intengty inarbitrary unitsisplotted aganst
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20 inFigurel. Itisseenfrom Figure 1 that peaksap-
pear at 31.75°, 34.4°, 36.2°, 47.45°, 56.45° and 62.8°.
Thediffractogram of thesamplereved sthat dl the pegks
areingood agreement with the Joint committee on pow-
der diffraction standard (JCPDS) databe ongingto hex-
agonal ZnO structure®. The corresponding reflecting
planesare(100), (002), (101), (102), (110) and (103)
respectively. The (002) peak appearswith maximum
intensity in pure and Cu doped filmsindicatingal the
sampleshavehigh preferred c-axisorientation. How-
ever copper incorporation resultsinlossof relativein-
tensity of (002) peak compared to other peak. This
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suggestsenhanced polycrystdlinity of Cu : ZnO com-
pared to ZnO. Apart from ZnO characteristic peaks,
no peaksthat correspond to either copper, zinc or their
complex oxides could be detected. Thisobservation
suggeststhat thefilmsdo not have any phase segrega-
tion or secondary phaseformation aswell asCuin-
corporation into ZnO lattice. Particle size evaluated
using Scherrer’s formula and utilizing MARQ2 com-
puter software®9 gives ~ 25nm for ZnO and ~19.5
nm for Cu: ZnO indicating lowering of particlesize
dueto Cu doping.

Figures 3 and 4 showsthe SEM micrograph of pure
ZnOfilmwhileFgures5and 6 showsthe SEM images

-
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Figure4: SEM of ZnO (mag.x20000)

of copper doped ZnO film. Figure 3 shows SEM im-
agea normd incidencewith magnification x5000while
Figure4 showsthe SEM image of the samefilmwith
magnification x20000. Figure5 showsthe SEM image
of Cu: ZnO filmwith magnification x3000 and Figure
6 showsthat with magnificationx20000. Itisevident
that the microstructure consists of many nearly round
shaped grains covering the substrate surface more or
lessuniformly. Thegrainsget clearly defined at higher
meagnifications. Thereisagglomerationin certainregions
for copper doped film. Porous microstructureisalso
clearly evident fromimagesa high magnificationindi-
catinglow density of thefilms.

Figure3: SEM of ZnO (mag.x5000)
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Figure6: SEM of Cu : ZnO (mag.x20000)

ZnOisadirect band gap materialsand the energy
gap (Eg) was estimated using Tauc formula
(ehv)?=A(hv-E)
where Aisafunction of index of refraction and hole/
electron effective masses, «isthe absorption coeffi-
cient and hv representsthe photon energy. Thedirect
band gepisdetermined using thisequation when sraight
portion of the (ahv)? againgt hv plot isextrapolated to
intersect theenergy axisat o =0. Plot of (ahv)?against
hvfor ZnOand Cu: ZnOareshowninFigures7and 8
respectively. Figure 7 showsthe spectrum of pure ZnO
while Figure 8 showsthe spectrum of Cu: ZnO thin

film. It isseenthat copper doping resultsin adecrease
inthevalue of thefundamental absorption edge. The
values are ~3.17 eV for ZnO and 3.02 eV for Cu :
Zn0O. Thisdecrease can be accounted for thelarge dif-
ferencein E valuesof ZnO and CuO. Also Cuincor-
poration increasesfilm res stance by forming deep ac-
ceptor states within the band gap of ZnO*12, Such
decreaseindonor levelsmay aso givesrisetoincreased
band gap!*3.

Figure9 showstheplot of resstanceratio Rg%aj

against timein minutes at an operating temperature of
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300°C. HereR,, and R represents the equilibrium
sampleresstanceinambient air and under test gas (200
ppmM H,S) respectively. Thesensitivity hasbeen defined
indifferent waysintheliterature'7, It hasbeen de-

finedas Rg%. (1419 inwhich caseit isaquantity less

than one (1), sincefor reducing gases sinceresistance
of sensor material decreasesin presenceof areducing
gas. Sengitivity hasa so been defined as percent reduc-
tion of sensor resistance'®". The percent sensitivity
(or the percent reduction of sensor resistancein pres-
ence of test gas) can beexpressed as

S%zﬁxloo_

ir

Inthe present work, the sensing characteristicwas
carried out for afixed concentration of target gasand
we have used the above equation for cal culation of sen-
gtivity. All the sensing measurementswere carried out
at 300°C. The percent sengitivity of ZnO and Cu doped
Zn0O are~40% and ~ 60% respectively indicating that
Cuincorporation enhancessensitivity toH,S Suchen-
hancement in H_Ssensitivity dueto Cu doping hasbeen
attributed toincreased materia resistance®® (decrease
in donor density observed in our present work). The
surface of thethin filmswas sensitized with palladium
(Pd) by adipping technique. The process involved
multipledipping of thefilmina50 cc solution of 1 wit.
% palladium chloride (PdCl,) in ethyl alcohol
(C,H,OH). After each dipping thefilmwaswithdrawn
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Figure7: Plot of (ahv)?vsphoton energy (in eV) of ZnO
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Figure8: Plot of (ehv)?vsphoton energy (in eV) of Cu: ZnO
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form the solution and the vol atile sol vent (al cohol ) was
dlowed to evaporateleaving behind acoating of PAC,,.
Thedippingtimewas 2-3 seconds each time in alcohol
medium. The Pd loaded filmswere subsequently heat
treated at 250°C for 1 hr. to remove chlorine. Such
surfacesengtizationwith palladium increasesthesens -
tivity to~ 77% which clearly showscatal ytic activity of
pdladium.

The gas sensing mechanism normal ly accepted for
semiconductor sensorsassumethat the oxygen adsorbed
on the surface of the oxide traps someof the conduc-
tion electrons and thus decreasesthe material’s con-
ductivity™. The surface adsorbed oxygen speciesthus
becomes negatively charged chemisorbed species (O,
or O’) and acts asreaction centersfor gas molecul es.
At temperatures high than 200°C, O isthe dominant
species. When reduction gas mol eculescomeinto con-
tact with thissurface, they may interact with thischemi-
sorbed oxygen species, leading to an inverse charge
transference®. Uponthereturn of theeectronsto the
conduction band, conductivity increases. Thereaction
mechanismfor H_Swith surface adsorbed species|ead-
ing to thefinal products SO, and H,O may be repre-
sented as
H,S+30 > H,0+S0,+¢e

The released electron decreases the resistance
(sensngaction).

Enhancement in sensitivity dueto paladiumincor-
poration has been explained by thefact that the palla-
dium trestment i ncreasesthe density of adsorbed oxy-

gen species. Thismeansincrease of reaction centers
for gasmolecules. Thusthe Pd layer enhancesthe sen-
gtivity by increasingtheavailability of chemisorbed spe-
ciesrequired for the gasmoleculesto react.
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