Trade Science Ine.

ISSN : 0974 - 7486 Volume 8 Issue 3

A Tndéian Yournal

— Pyl Paper

MSAIJ, 8(3), 2012 [107-112]

Effect of substrate temperature on whisker growth of
electron-beam-evaporated indium tin oxide

S.N.Alamri

Department of Physics, Science Faculty, Taibah Univer sity, Madinah, P.O.Box: 30002, (SAUDI ARABIA)

E-mail: alamrisaleh@yahoo.com

Received: 12" July, 2011 ; Accepted: 12" August, 2011

ABSTRACT

Thinfilmsof indiumtin oxide (ITO) were deposited on soda-lime glasswith
the electron beam technique at substrate temperatures between 50°C and
300°C. Properties that were characterised include structure, surface
morphology, resistivity, mohility, transmittance, reflectance, and optical band
gap. Structural characterization was performed using scanning electron
microscopy and X-ray diffraction. Elevating the substrate temperaturesfrom
50°C to 300°C, increased the thickness of I TO films more than threetimesby
increasing the grain size. The microstructure of the ITO film changed from
amorphous to polycrystalline as a function of increasing substrate
temperature. The transmittance of the filmincreased, despite theincreasing
thickness, and the reflectance was reduced. The optical band gap, Ey
increased from 3.8 eV for thefilm deposited at 150°C t0 3.94 eV for thefilm
deposited at 300°C. The resistivities and mobilities of the fabricated films
decreased and increased, respectively, up to 250°C and then deteriorated at
300°C, which could be due to the formation of the observed whiskers.
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INTRODUCTION

Sn-doped indium (ITO), atransparent conductor,
isanimportant material inthefield of optoelectronic
devicessuch assolar celldl, liquid crystal displays,
plasmadisplays?, light-emitting diodes®, and smart
windows4. A variety of deposition techniqueshavebe
used tofabricate ITO layers, such asreactivethermal
evaporationt®, el ectron beam evaporation®, DC and
RF sputtering™ &, pulsed laser ablation®, sol-gel
processing™™@, dip coating, and spray pyrolysistl. The

majority of studiesinvestigating I TO deposition have
been concerned with films prepared by sputtering, and
thereislittle published dataon other methods*2. The
€l ectron beam evaporation techniqueisapromising
method for producing ITOfilmswith lower resstivities
and higher transmittances®?. Thee ectrica and optical
propertiesof ITO filmsobtained using € ectron beam
evaporation strongly depend on preparation methods
and conditiong®4,

This study investigates the effects of substrate
temperature on the propertiesof 1TO films produced
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by el ectron beam deposition.

EXPERIMENTAL PROCEDURE

ITOthinfilmsweredeposited onto standard soda
lime microscope-dideglassus ng an EdwardsAuto306
electron beam-coating unit. Thetarget materia (In,O,-
SnO, 90-10 wt%, typically 99.99% pure, 3-12 mm
pieces) was obtained from CERAC™, Incorporated.
Theinvestigated substratetemperaturesincluded 50°C,
100°C, 150°C, 200°C, 250°C, and 300°C. Thesystem
was pumped down to abase pressure of lessthan 10
mbar. Thetimeof depositionwas45 minand thecurrent
of thefilament increased from 5 mA to 25 mA at an
acceleration voltage of 5kV. Figure 1 depictsthetime
periodsof theincreasing filament current. Thethickness
and themorphol ogies of the I TO filmswere observed
by scanning e ectron microscopy (SEM) (Shimadzu
SuperScan SSX-550 scanning el ectron microscope).
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Figurel: Timeperiodsof theincreasing filament current.

The transmittance, T(L), and reflectance, R(1),
spectra of the deposited films were measured at the
normal and at a5° incident angle to the surfaces of the
films, respectively. These measurementswere acquired
inair at room temperatureinthe spectral range of 190
to 2500 nm using a double-beam spectrophotometer
(Shimadzu 3150 UV-VIS-NIR) with aresol ution of
0.1 nm. Thestructure of the TO film was examined
using a Shimadzu XRD-6000 X-ray diffractometer
using Cuko radiation (A\=1.5418A) with an Anton Paar
HTK1200N high-temperature oven-chamber
attachment. The X-ray tube voltage and current were

maintained at 40kV and 30 mA, respectively. The X -
ray diffraction measurements were taken at room
temperature for the samples deposited at different
substratetemperatures and at different temperaturesfor
the sample deposited at 50°C. The Hall effect and
electrical resistivity were measured using a van der
Pauw configuration using an ECOPIA Hall effect
measurement system (HM S-3000).

RESULTSAND DISCUSSION

Deposition rateand structure

Figure 2 depicts the dependence of ITO film
thickness on substrate temperature. The ITO film
thickness was observed to increase from 360 nm to
1270 nm asthe substrate temperature was increased
from 50°C to 300°C. The observed increasesin film
thicknesswasduetoincreasing grain Szeasafunction
of temperature, as shown in the cross-sectional
microstructure of thefabricated film depicted in Figure
3. Thefilmsdeposited at 50°C appear denser, and the
gran structureisnot obvious, suggesting thet thefilmis
fully amorphoug®™. Thefilm deposited at 300°C conssts
of fibre-shaped whiskers, which areeasier to seefrom
thecross-sectiona view of thefilm at thesurface. The
surfacemorphol ogiesof ITOfilmsdeposited a different
substrate temperatures are shown in Figure 4. The
surface of the film deposited at 50°C was a smooth,
solid, and contained severd bal-likeobjects. Thesebdls
increased in number and covered the entire surface of
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Figure2: Dependence of I TO film thicknesson substrate
temperature.
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Figure 3: Cross-sectional images of films deposited at (a)
50°C and (b) 300°C.
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Figure4: SEM imagesof I TO filmsdeposited at different
substratetemperatures.
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the films deposited at 100°C, and were observed to
grow together at higher temperatures. At the highest
temperature, 300°C, the film became completely
covered by whisker-like projectiong?®.,
Thefundamenta mechanism of whisker growthis
till not fully understood, athough severd mechanisms
have been proposed. Oneof thesemechanismsiscalled
theV LS mechanism*. According to thismechanism,
aSn-richdroplet issupersaturated by vapour molecules
suchthat In,O, precipitatesand VL Swhiskersof In,O,
are able to grow!*®l, Many theories agree that
compressive stresses®® 29 providethedriving forcefor
whisker formation. The source of compressive stress
originates from mechanical, thermal, and chemical
proc 2.2 Then the substrate temperature can
increase the compressive stress, asthermal process,
which providesthedriving forcefor whisker formation.
Figure 5 depictsthe X-ray diffraction spectraof
the ITO samples deposited at different substrate
temperatures. No peak was observed in the sample
deposited at 50°C, indicating that thefilm wasentirely
amorphous. As substrate temperature wasincreased,
diffraction peaksappeared at (400), (222), (211), and
(622)15 221 and became more intense. These spectra
indicatethat the crystallinity of thefilmsimproved and
individual crystallite sizeincreased as afunction of
elevated substratetemperatures?!. In order to compare
the effect of substrate deposition temperatureto post-
deposition annealing on the structures of thefilms, X-
ray diffraction spectrawere measured for the sample
deposited at 50°C and anneal ed in the oven chamber
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Figure5: X-ray diffraction patternsof thel TO filmsdeposted
at different substratetemperatures.
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at different annealing temperatures. 50°C, 100°C,
150°C, 200°C, 250°C, and 300°C. According to
Figure6, itisclear that annedlinginduced atranstionin
thefilmfrom amorphousto polycrystdlinesmilarly as
was observed by depositing at higher substrate
temperatures; however, thistranstionwasfirst observed
at 150°C for the annealing processin comparisonto a
substrate deposition temperature of 100°C.
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Figure6: X-ray diffraction patternsof | TO filmsannealed
at different temperatures.

Thegrainsize, D, of thecrystalliteswascal culated
using Sherrer’s formula?¥:

_ S\
B cos@ &)
where Sisthe Scherrer constant and is equal to 0.9, A isthe

wavelength of the X-ray and is equal to 1.54 A for Cuka
radiation, 0 is the diffracted angle, and f is the full width at

half-maximum of the respective peak inradians.

Substrate deposition temperature was observed to
increase grain size morethan annealing, asshownin
Figure7; hence, temperature affected thegrain size of
thethin film more during deposition than during post-
deposition annealing. Ingeneral, grain sizeincreased
rapidly in both casesup to 200°C and thenincreased at
alower ratefor higher temperatures.

Optical and electrical properties

Figure8 and 9 demondratethat increasing substrate
temperaturesincreased thetransmittance and reduced
thereflectanceof thefabricated films. Thetransmittance
of thefilmincreased despiteanincreasing filmthickness

D

a0 —aA— increasing grain size due to substrate temperature.

—m—increasing grain size due to annealing temperature.
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Figure7: Grain sizeasa function of substrate deposition
temper atur eand annealing temper ature.
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Figure8: Transmittance of thefilmsdeposited at different
substratetemper atures.
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Figure 9 : Reflectance of the films deposited at different
substratetemperatures.
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as a function of temperature. The films that were
deposited at low substrate temperatures of 50°C,
100°C, and 150°C were nearly opaque. In contrast,
thetransmittance of thefilm deposited at 300°C was
76% at awavelength of 751 nm.

Theoptical band gaps, E, of thetransparent films
were evaluated to investigate the effect of substrate
temperature ontheoptica band gap usingthefollowing
equation;

a(hv) = A(ho—E,) )

Absorption coefficients, a(hv), wereca culated for the
transparent filmsusing thefollowing formuld?:

1 | A-R@A))’

a(A)= 4 In [T] ©)
where d isthe film thickness, Risthe reflectance, and T isthe
transmittance.

Using Eq. 3, thedirect-alowed transitions, o2, vs.
photon energy, hv, were plotted (Figure 10) for the
trangparent filmsdeposited with substrate temperatures
of 150°C, 200°C, 250°C, and 300°C. The intercept
onthex-axisgivestheval ue of the optical band gap,
E, whichincreased from 3.8 eV for thefilm deposited
at 150°Ct0 3.94 eV for thefilm deposited at 300°C.
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Figure10: Thesquareof theabsor ption coefficient (a2) asa
function of thephoton energy (eV) for ITO filmsdeposted at
150°C, 200°C, 250°C, and 300°C.

The dependence of film resistivity and carrier
mohbility on deposition substratetemperatureisindicated
inFigure11. Therein, theresistivity can beobservedto
decrease with increasing substrate temperature from
50°C up to 250°C, and then increased at 300°C. The
opposite phenomenonwasobserved for carrier mohility,

= Fyl] Peper

thatis, film resistivity decreased whilemohility increased
up to 250°C dueto the carrier transport enhancement
caused by thecrystalization of thefilms®3. Theincrease
infilmresdivity and decreasein mobility a 300°C could
be due to the morphology of the film. As shown in
Figures3and 4, thefilm deposited at 300°C consi sted
of fibre-shaped whiskers. Migration of the atoms
through thebulk and thesurface of thefilmto crestethe
whiskerscould have caused defectsin thefilm, which
inturn, would deterioratethe physical propertiesof the
film (e.g., resstivity and mobility).
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Figure1l: Resistivity and mobility of thel TO thin filmsasa
function of substratetemperature.

CONCLUSIONS

Theexperimentd resultsin thiswork indicate that
subgtratetemperature strongly influencestheresistivity
and mobility of ITOfilmsdeposited by thee ectronbeam
technique. The substrate temperature changes the
microstructure of thefilm, whichinturn, changesmost
of thephysical properties. Thefilm deposited at 50°C
was fully amorphous and was observed to begin
transitioning to apolycrystalline phase at asubstrate
depositiontemperatureof 100°C, whereinthegrainsize
was observed toincreasefrom 83.9t0 234.7 A for the
film deposited at 300°C.

The film deposited at 300°C consisted of fibre-
shaped whiskers, indicating that the el evated substrate
temperature could be the source of the compressive
stress that provides the driving force for whisker
formation. Thegrowth of whiskersaffectsthedistribution
of alomsthroughout thefilm, causing defectsinthefilm,
whichinturn, increase film resistivity and decrease

e, P pterioly Science

Hn Tndéan g%wumé



112

Effect of electron-beam-evaporated indium tin oxide

MSAIJ, 8(3) 2012

Full Poper =

mohbility. Thisphenomenon could explainwhy resistivity
increasesand mohility decreasesinfilmsdeposited with
substrate temperatures of 300°C.

Increasing the substrate temperatureimproved the
optical properties of ITO films by increasing their
transmittanceand reducing their reflectance. Theopticd
band gap, E, increased from 3.8 eV for the film
deposited at 150°C t0 3.94 eV for thefilm deposited
at 300°C.
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