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ABSTRACT

A simple and cost-effective chemical drop method has been devel oped and
adopted for the synthesis of zinc oxide (ZnO) structures. The depositions
were carried out at different substratetemperaturesincreased from 100 to 250
°C on glass substrates by dropping an equimolar solution consisting of zinc
nitrate hexahydrate and hexamethyl enetetramine dissolved in deionized-water
with a concentration of 5 mM. The structures grown at 200 °C showed
nanoparticles (NPs) composed micro-particles (M Ps) like surface morphol ogy
and exhibited hexagonal crystal structures having a preferential orientation
of (002). However, these structures have polycrystalline nature and zinc
deficient chemical composition. Raman spectroscopic analyses reveal that
the as-deposited ZnO M Ps structures at 200 °C have compressive stress and
strong polar lattice bonds. The optical studies show that these ZnO structures
are highly transparent (92%) in visible region and contain a direct optical
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band gap of about 3.42 €V.

INTRODUCTION

Inrecent years, avariety of semiconductor materi-
adshavereceved great centre of attentioninthefield of
materialsscience particularly duetotheir uniqueeec-
trical and optical properties. Among the other materi-
als, direct and wide band gap semiconductor materias
have been of great research interest for use in opto-
electronicdevicesincluding lasersand light emitting di-
odesetc. Zinc oxide (ZnO) isadirect wideband gap
(3.37 eV) semiconductor and hasalarge exciton bind-
ing energy of 60 meV. ZnO hasalarge number of mul-
tifunctiona gpplicationsinvariousfiddsduetoitsunique
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electrical, optical, and mechanical properties?. For
example, ZnO hasbeenwidey adopted for piezoe ec-
trictransducers, gassensors, optica waveguides, trans-
parent conductivefilms, varistors, and solar cellsand
bulk acoustic wave devices?®. Thebehavior of ZnO
magorly dependsonitscrystdlinity, orientation, crysta-
lite size, and morphology!™*Y. In order to attain good
control over these parameters, there arevarious chemi-
ca aswell asphysica methodshavebeenredlized and
also produced significant novel structures. Alongwith
high temperature growth methods, smpleand cost-ef-
fectivelow-temperature growth methodsincluding sol-
gel™, evaporative decomposition of solution!*3, wet
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chemical synthesid*¥, gas-phasereaction™, hydrother-
mal synthesig*® etc. havereceived great attention for
the growth of ZnO structures. However, most of these
methods empl oyed organic solventsor required rigor-
ous reaction conditionsand complicated procedures.
Inthisdirection, wehave developed asmpleand cost-
effectivemethod for the synthesisof meta oxide semi-
conductor structures and successfully adopted for the
growth of ZnO structures. In this paper, we have de-
scribed themethodol ogy of drop method and system-
atic growth procedure for the development of ZnO
structures. The physical properties of as-grown ZnO
structures are discussed by analyzing them with ad-
vanced ana ytical techniquesand arereported.

EXPERIMENTAL PROCEDURE

Drop method

The schematic diagram of the experimental setup
of drop method isgiveninsupportinginformation (Sl-
1). A dropper with 1000 pl capacity was used to drop
the chemica solution. The solution wasdropped onto
the hot substrate kept over the heater under the drop-
per nozzlewithadistanceof 15 cm. Thesubstratetem-
peraturewas automatically controlled using an inbuilt
thermocouple. Inorder to obtain the structureson the
substrateswith uniform morphol ogy, the substratewas
dowly rotated with the hel p of magnet cum magnetic
gtirrer. It involvesdropping the solution containing the
solvablesaltsof the constituent e ementsof thedesired
compound onto aheated substrate. Upon reaching the
surface of hot substrate, the dropped droplet under-
goes chemical decompositionand formsasinglecrys-
taliteor acluster of crystalitesof theproduct. Thevola
tile byproductsand the excess solvents, if any present,
escapeintheform of vapors. The heated substrate pro-
videsthetherma energy necessary for the decomposi-
tion and subsequent recombination of the constituent
species. Thiswasfollowed by sintering and re-crystal -
lization of the clusters of crystallitesand giveshighly
crystalline structures. Further, aslow rotation of the
subgtrate providesuniform deposition onthewholesub-
strate. In the present study we have used this method
for the growth of ZnO structures using the procedure
described bel ow.

Waterviols Secience omm—

Growth of ZnO structures

Initially, an agueous sol ution was prepared using
analytical gradezinc nitrate hexahydrate (Zn (NO,),
6H.0O, ZN) and hexamethylenetetramine (CH,N,,
HMTA) chemicals using deionized water with an
equimolar concentration of 5mM. Thedeposition of
ZnO structureswas carried out on glass substrates at
twotypical deposition conditions: Initidly, thedeposi-
tionswerecarried out at different substrate tempera-
tures of 100, 150, 180, 200 and 250 °C by keeping
the quantity of solution as constant at 7-8 drops,
whereasin second casethe depositionswere carried
out at different quantitiesof solution of 3, 6, 9and 12
drops by fixing the substrate temperature at an opti-
mized value of 200°C.

Characterization

The powder X-Ray diffraction (XRD) was used
for theandysisof structure, crystalinity, and phase pu-
rity of the as-deposited ZnO structures. It was oper-
ated with45KkV of voltageand 30 mA of current with
CuK , radiationwithawavelength of 0.1541 nmand
the profilewasrecorded inthediffraction rangeof 20 =
20-70°. The surface morphol ogy and chemical com-
position of the structures were examined using envi-
ronmenta scanning el ectron microscopy (ESEM) and
energy dispersiveanaysisof X-ray (EDAX) embed-
ded with ESEM by operating at 15 kV. In order to
check theindividua structure morphology and under-
stand thegrowth dynamics, ahighresolutionfidd emis-
son SEM (FESEM) hasbeen adopted. Thevibrationd
and optical propertiesof the as-deposited ZnO struc-
tures have been studied at room temperature by micro
Raman spectrometer with 514.5 nm laser light and UV-
Visspectrophotometer.

RESULTSAND DISCUSSION

The ZnO structures deposited on the glass sub-
stratesat different temperaturesaswell aswith differ-
ent quantities of solutionsare adherent (tapetest aswell
assonication) to the substrate and appeared light-white
incolor. Whileincreasing the substratetemperature, the
depositions became more uniform and transparent.
However, the growth of ZnO structures at higher as
wdll aslower temperatures could not be succeeded due
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to anomal ousexpansion of glass substrate and lack of
thermal energy, respectively. For example, upon drop-
ping the solution at higher temperature, >250 °C, the
substrateswere broken. Thus, the structures deposited
inthe substratetemperaturesrange of 150-200°C and
with different quantitiesof solution wereanalyzed and
the observed propertiesarereported here.

Sructural properties

The XRD profilesof ZnO structures deposited at
threetypical substratetemperaturesare showninFig-
ure 1. The structures deposited at the substrate tem-
peratureof 150 °C exhibited threeclearly distinguish-
ablepeaksdiffracted at 20 = 32.17, 34.74, and 36.58°.
The eva uated d-spacing values of these peaks exactly
matcheswith the slandard bulk ZnO data (JCPDS: 36-
1451) and revel that the diffracted peaks belong to
(100), (002), and (101) planesof hexagond ZnO crysd.
Ascomparedto other diffraction peaks, the (002) peak
isdominant and impliesthat theas-deposited ZnO struc-
turesarepreferentialy oriented a ong the<001> direc-
tion by having (100) and (101) orientations probably
asadjacent planes. Theseresultsreved that theas-de-
posited structures by newly devel oped drop method
aremerely consisting ZnO phaseand uniquely oriented
aong the<001> direction.
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Figure1l: XRD profilesof ZnO structuresdeposited at a
substratetemperatureof 150, 180, and 200 °C with a fixed
quantity (7-8 drops) of solution.
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t0 200 °C, theintensity of preferential (002) peak in-
creased and it remained almost the same for other
peaks. Thisindicatesthat whileincreasing the sub-
strate temperature, the as-deposited ZnO structures
aregradualy growing aong preferential direction. In
order to understand theimprovement in the crystal -
line quality of the as-deposited ZnO structures, the
intensity ratio of |1 (001) and | (101) peaks has been
calculated, and itsvariation with substrate tempera-
tureisshown asaninset of Figure 1. It showsthat the
crystalinequality of ZnO structurespreferentidly ori-
ented along <001> directionisincreased with thein-
crease of substratetemperature. Further, theaverage
crystallitesize (L) of the ZnO structuresalong with
lattice straini.e. mean lattice distortion (S) werecal -
culated usingtheformulae: L =K A/ (B cos 0) and S
=B/ (4tan0), where, A is the wavelength of the X-
ray’s, B is the structural broadening, which is the dif-
ferenceinintegral profilewidth between astandard
andtheunknownsample: B=B__-B_,. Here,B _is
found fromtheanaysisof XRD profilewiththe X Pert
High Scorer softwaresupplied by PhilipsAnalytica B.
V.,Almdo, theNetherlands. Whileincreasing substrate
temperature, theevaluated L value of the ZnO struc-
tures oriented along the<001> directionisincreased
from 55 to 260 nm. The changesin the size of ZnO
crystallites were clearly observed from the surface
andysisof thestructuresby FESEM. Ontheother hand,
the lattice strain in ZnO structures decreased from
0.37% to 0.16% with the increase of substrate tem-
perature. Elongation of ZnO structuresaong preferen-
tial growthdirection gradually relaxesthelatticestrain
created by glass substrate dueitsthermal expansion
mismatch with ZnO, and asaresult, the decrease of
latticestrainin ZnO structureswith theincrease of sub-
strate temperature has been taken place.

Surfacemor phology

The surface morphol ogy of ZnO structures depos-
ited a different substratetemperaturesisshowninFig-
ure2. TheseESEM imagesindicatethat al the as-de-
posited ZnO structurescong st of micro-particles(MPs)
like surface morphol ogy. The MPsgrown at low tem-
peratures (~150°C) aresmadl insizeand lesser in den-
sty (Figure2a). Along with M Ps, the structures consist
of small amount of blurred material, which could be
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related to partially grown ZnO or non-reacted chemi-
cd species. Whileincreasing thesubstrate temperature,
initidly thesizeand density of ZnO M Psareincreased
and at higher substrate temperatures (>200 °C), the
M Ps structures become uniform filmslike structures

(Figure 2d). However, the ZnO MPs grown at asub-
stratetemperature of 200 °C haveuniformly dispersed
particleslike surface morphology (Figure 2c). These
MPsconsist of spherical shape morphology and have
nearly equa sizes.

k>3,

Figure2: ESEM imagesof ZnO structuresdeposited at a substratetemper atureof (a) 150, (b) 180, (c) 200, and (d) 250°C
with afixed quantity (7-8 dr ops) of solution.

The surface morphology of ZnO structures depos-
ited by dropping different quantities of the solution (3,
6, 9 and 12 drops) at aconstant substrate temperature
of 200°Cisgivenin Sl-2. These anaysesshow that as
compared to the structures deposited with different
quantitiesof solution, theZnO structuresgrownwith9
drops solution have uniformly dispersed MPs. At lower
guantities of solution, the density of ZnO MPsislow
andtheir particlesizesarea so small, whereasthe ZnO
sructuresgrown with higher quantitiesof solution con-
sist of irregular shaped particleswith large sizes, and
most of them are aggregated. However, whileincreas-
ing solution quantity the density of MPsisincreased
upto the quantity of 9 dropsand abovethis, theaggre-
gation of MPstaken place. Theseresults, therefore,

Wotevios Scionce —mm—

emphasi zethat the ZnO structures devel oped by drop
method at asubstrate temperature of 20010 °C with
aquantity of 8+2 drops solution are consisting of uni-
formly grown M Ps having an average particle size of
250 nm. Thus, the structures grown under these condi-
tions have been used for further analyses, which are
described bel ow.

TheZnO structuresgrown a asubstratetempera:
ture of 200 °C with 8 drops sol ution were examined
with FESEM and the obtained high magnificationim-
ageisshown in Figure 3. It revealsthat most of the
grown ZnO MPsare spherica in shape and composed
of thousands of smallest nanoparticles (NPs). Theav-
erage crystallite size of these MPsisfound to be 260
nm, whichisnearly cons stent with thedataobtainedin
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XRD studies. Theseresultsclearly reved that theas-
deposited ZnO M Psare probably formed through the
agglomeration of tiny NPs and contain nano gaps be-
tween them. Further, these NPs composed MPs are
uniformly grownand vertically digned.

A

Figureé: High magnification FESEM imagesof ZnO M Ps
grown at asubstratetemperature 200 °C with an optimized
quantity (8 drops) of solution.

Composition

TheEDAX profile of ZnO MPsstructuresgrown
under optimized substrate temperature and quantity of
solution isshown in Figure 4. It revealsthat the as-
deposited ZnO M P structures have oxygen rich chemi-
cal composition sincethe obtained atomic percent ratio
of Znand Oisabout 0.6. However, the structuresdo
not show any element other than Znand O, whichre-
veal the chemical purity of as-deposited structures.
Therefore, the as-deposited ZnO MPs structureshave
pure ZnO composition and however, they are oxygen
richinnature.

Vibrational and optical properties

Thevibrationa propertiesof ZnO MPsstructures
deposited under optimized conditionswerestudied us-
ing micro Raman spectrometer usinga514.5 nm laser
source. The Raman spectrum wasrecorded inthefre-
guency range of 50-1500 cm* with different powers
of laser light varied from 3to 15 mW by keeping the
acquisitiontimeas 10 s. Theobta ned Raman spectrum
isshowninFigure5anddl the pesksareindexed using
standard dataof bulk ZnO. Based onthe group theory,
the hexagonal wurtzite structured ZnO belongstothe

> Fyif] Poper
spacegroup of C;, and containstwo formulaunits per
primitivecdl.

Element Weight% Atomic%
oK 28.34 62.89

Zn ZnL 7166 37.11
Totals 100.00
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Figure 4 : EDAX profile of ZnO structures grown at a
substratetemper atur e of 200 °C with 8 dropsof solution.
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Figure5: Raman spectraof ZnO M Psstructuresgrown at a

substrate temper atur e of 200 °C with 8 dr ops of solution,
recorded at threetypical power sof laser light.
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Amongitsoptical phonon (OP) modes, the non-
polar modes (E,, andE,,,) and polar modes (A, (LO),
A, (TO)andE, (TO)), whereE, andE,, arelow and
high frequency E, modes, L O-longitudinal and TO-
transverse optical phonon modes, are Raman active.
The as-deposited NPs composed ZnO MPson glass
substrate exhibited threeclearly distinguishable Raman
peaks centered at 105+2, 565+2 and 109542 cm™
along with two weak and broad peaks at 460+2 and
785+2 cm™. Whileincreasing the power of laser light
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(from 3 to 15 mW), the change in the Raman peak
positionsismargina except their sharpness. At higher
powers, the obtained Raman spectrum cons stsof sharp
and intense peaksthan that of the spectrum recorded
with lower powers. The peaks observed at bel ow 500
cnt belong to nonpolar modes, whereasat higher fre-
guencies, the peaks belong to either polar modes or
overtonesof non-polar modes.

As-compared tothebulk ZnO (ZnO,) data”, the
observed Raman peaksaat |ower frequencies (<550 cmr
1 havedight blueshift (BS) intheir positions (consists
higher values), whereasthe peaks observed at higher
wavefreguencies (>550 cm?) havedight red shift (RS)
(consistslow vaues). These differences are attributed
to surface and size effects of M Psand the presence of
straininduced structural defects, respectivelyi*18. The
first peak observed at 105 cm® correspondsto the vi-
bration mode of E, hasaBS of about 4 cm™. The
second peak noticed at 460 cmt hasaBS of 15 cm?,
which correspondsto thevibrationmodeof E,, . These
two vibrationa modes are associated to oxygen atoms
and heavy zinc sublattice, respectively!. Theobserved
BS in the nonpolar Raman peaks (i.e. E, and E,,)
clearly emphasizethat the as-deposited ZnO MPson
glass substrates consist considerable compressive
gresng,ZO].

Among theother pesksat higher frequencies (>550
cm?), the peak observed at 565 cm* isdominant and
hasaRS of about 14 cnm?, which belongsto the polar
A, (LO) or E,,+E, phonon mode*® and probably at-

10
5

(xhv)? (10° eV cm™)’

g I L] L] L] L l L] L] L) L] I L] L) ¥ L I 1‘.
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Wavelength (nm)

tributed to the strain present within MPs (observedin
XRD studies) or intergtitia defectd?!. Alimetd. aso
observed similar peak at 565 cm* from the Raman
gpectrum of chemically produced ZnO NPsexclusivey
with 325 nm laser light!*¥. These observationsfurther
reved that theas-deposited ZnO M Pshavestrong polar
|attice bonds. Moreover, the absence of polar E, (LO)
peak, probably at around 590 cm* and presence of A
(LO) or E,+E, modeimpliesthat theZnOMPsprob-
ably consist of thelattice vibrationsparallel to their
growth direction(¥,

The other peaksobserved at higher frequencies,
i.e. 785 and 1095 cm'* can be attributed to second-
order multiple phonon scattering process (i.e. over-
tones). These mulltiple phonon peaksbelongto 2E,, -
E, and2A (LO)or 2(E, +E, ) with RSof about 30
and 60 cm?, respectively. Sato-Berru et a2 also ab-
served similar 2A (LO) peak from the Raman spec-
trum of ZnO NPs grown by chemical precipitation
method. As compared to the bulk materia, the ob-
served RSin LO phonon frequencies strongly reveal
the presence of point defectsintheas-deposited ZnO
MP structures'l. However, the presence of A, (LO)
and E, vibrationa modes asactive and absenceof other
modes asforbidden emphasi zesthat most of theZnO
M Psdeposited by thedrop method are highly oriented
alongthe (002) planes. Thisisin accordancewith the
results observed in XRD studies. Full width at half
maximum (FWHM) of A, (LO) and 2A, (LO) peaks
isfoundtobe55 (6.82meV) and 111 (13.8 meV) cm?,
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Figure6: (a) Transmittance (T%) vs. wavelength and (b) (ahv)? vs. photon ener gy plotsof ZnO structuresgrown at a

substratetemper atur e of 200 °C with 8 dropsof solution.
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respectively (see SI-3). Theintensity ratioof A, (LO)
and 2A, (LO) peaks(i.e.12,,/1,,) isabout 1.78, which
islower than that of itsbulk (2.01)12324,

Thelight transmittance of as-deposited ZnO MPs
asafunction of incident photonwaveengthisshownin
Figure 6a. At higher wavel engths, the structures exhib-
ited ahigh transmittance of 92%, and whiledecreasing
wavelength, it gradually decreased. However, at cer-
tain wavel ength (~375 nm), the decreasein transmit-
tanceissharp, whichistreated asfundamental absorp-
tion edge (FAE) of the ZnO MPs. Thissharp fal in
trangmittanceclearly indicatesthat thecarrier trangtion
between thetop of the valance band and bottom of the
conduction bandisdirect, whichisaso confirmed by
plotting theabsorbancevs. incident photon energy (see
SI-4). Therefore, the direct energy band gap of struc-
tureswere evaluated from (ahv)? vs. the photon en-
ergy plot by extrapolatingitslinear part to (athv)?=0.
The (athv)? vs. the photon energy plot of the present
structuresisshownin Figure 6b, and its optical band
gap (Eg) isfoundto be~3.42 eV. Thisvaueisdightly
higher than that of itsbulk data (3.3 eV)®! and could
beattributed totwo factors: i) presenceof smalest NPs
(seeFigure3) andii) existence of compressive stress.

CONCLUSIONS

A new and novel synthetic drop method, whichisa
simple and cost-effective, has been designed and
adopted for the synthesisof ZnO structures. TheZnO
micro-crysta line particleslike structureshave been syn-
thesized and examined their physical propertiesusing
advanced analytical techniques. The observed results
from theseinvestigationsare summari zed bel ow.

The as-deposited structureshave pure ZnO phase,
which are grown along <001> direction and consist
dightly oxygenrich chemicd compostion. Thecrystd-
linequality of the structuresisincreased with thein-
crease of substrate temperature. The ZnO structures
grown at asubstratetemperature of 200 °C have uni-
formly dispersed M Pslike surface morphol ogy ascom-
pared to the structures grown at other temperatures.
Further, most of these ZnO MPsarespherica in shape
and composed of thousand of smallest NPs. Raman
anadyses show that the as-deposited ZnO MPsonglass
substrates have aconsiderable compressive stressand

—== Fy/| Poper

consistsof strong polar latticebonds. These structures
exhibited a high transmittance of 92% and have adi-
rect optical band gap of about ~3.42 eV. These re-
aults, therefore, emphasizethat theZnO MPslikestruc-
tures developed by drop method at a substrate tem-
perature of 200 °C with an average quantity of 8 drops
solution are consisting of uniformly grown NPscom-
posed MPs.

Theseinteresting outcomes motivated usto adopt
this cost-effectivemethodol ogy for the devel opment of
uniformly grownZnO NPfilmson conductive subgtrates,
whichisinprogress. Theseresultswill also motivate
the scientiststo adopt thismethod for the devel opment
of variousM O structuresand thereby low-cost devices.
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