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Whiskers in indium tin oxide films obtained by electron beam evaporation

S. |. Castaneda,® F. Rueda,” R. Diaz, J. M. Ripalda, and I. Montero®
Laboratorio de Fsica de Materiales, Departamento desfa Aplicada C XII,
Universidad Autaoma de Madrid, 28049 Madrid, Spain

(Received 20 January 1997; accepted for publication 3 Novemben 1997

Indium tin oxide thin films consisting mainly of whiskers have been deposited on glass by electron
beam evaporation. Low deposition rat&§ A/min) and substrate temperatures in the 120—-400 °C
range were used. Morphology by scanning electron microscopy, crystal structure, energy dispersive
analysis of x-rays, and x-ray photoelectron spectroscopy compositions, optical and conducting
properties of films have been studied as a function of temperature of growth and further annealing
in air. Whiskers associate and produce flatter surfaces, the grain size increases 38 to

~790 A, keeping however its fibrous structure after 400 °C-30 min annealing. In films deposited at
temperatures below 200 °C, next to cubigQg, tetragonal Sn and cubic J8n0O; ) appear.

During growth and after air annealing Snsegregates to the surface, attaining Sn/In concentration
ratios of 4.6. On air annealing the optical transmittance and electrical resistance increase, in some
cases from 2% to 90% and by a factor of about 4, respectively.1988 American Institute of
Physics[S0021-897@8)01004-4

I. INTRODUCTION O, partial pressure, and grain sizes of 300 to 400 A. For
T>250 °C, the effect of @ partial pressure is thought to
Indium tin oxide(ITO) in thin film is used as transparent |imjt the concentration of oxygen vacancies, which affects
electrode, due to a high transmittance in the visible spectrghe electrical and optical properties, without affecting either
range and high electrical conductivity. The high reflectancehe crystalline phasécubic In,O,) or the grain size. How-
of ITO in the infrared permits its use as selective window.ever, it is not quite explained why, for increasing @artial
Other applications include optical information displays andpressures, there is an increase in carrier concentréFiaiple
optoelectronic devices, such as solar cells. Besides, ITO hapof Ref. 4). The optical band gaps are reported to shift to
also applications in thermal control and photochronic de-higher energies, this being related to the carrier concentration
vices. Its use as an optical memory element by using thehrough the Burstein—Moss shfff. Frank and coworkers in
bleaching of dark ITO when illuminated with a laser hastheir study of the properties of sintered ITO powders report a
been suggestedBy electron beam evaporation, Hamberg Sn solubility limit of 6= 2 at. % in InO; and conclude that
and coworkers® have obtained ITO with low absorption in all Sn atoms in solution are active donr&lfallal et al®
the visible (=2%) high reflectance in the thermal infrared vary the Q partial pressure and study the effect of postdepo-
(90%), and resistivity of 310”4 0 cm. Other conditions sition thermal treatments in air or controlled,-NH, atmo-
were a partial pressure of,@f 5x 10”4 Torr and substrate spheres on the electrical and optical properties. They con-
temperatureTy) in the range of 150—350 °C. The alternative clude that, regardless of growth conditions, the
ITO deposition method studied in more detail until now, haspostdeposition treatments affect these properties frfolst.
been reactive sputtering. The optical and electrical propertiesiore recent work, Elfallaét al. present a model to link the
of the resulting compact films have been studigtdSub- electron concentration to the SpAn,0; composition, ex-
strate temperature and oxygen partial pressure during depo-
sition have been reported to affect crystalline phase, grain
size, electrical conductivity, and optical transmittance of thin
films. The presence of In metal observed in ITO films when
deposited by sputtering, without oxygen in the discharge,
was reported by Andrade and Moehlec¢kBanerjeeet al*
concentrate on the effect of;, oxygen partial pressure
(2—8x107° Torr range, and growth rate$20—300 A/min
on transmittance and resistance, having obtained the best
transmittance/sheet resistance ratio at 300 °€16 ° Torr
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9At CSIC, Instituto de Ciencia de Materiales de Madrid. FIG. 1. SEM micrograph of an ITO filniITO 8) grown at 350 °C.
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FIG. 3. SEM micrograph of cross secti of an ITO film (ITO 10) grown

FIG. 2. SEM micrograph(a) of an ITO fiim (ITO 10) grown at at 400 °C,(b) other ITO film (ITO 9) grown at 365 °C.

400 °C-6000x magnification,(b) same film at 20 008 magnification.

plaining the presence of a broad concentration maximum for
7-15 at. % Sn and 650KT.<770 K. On annealing, the
“reduction of the number of active Sn lattice sites” is attrib-
uted by these authors to the tendency to form Sn clusters.

On substrates with a temperature gradient Rauf has stud-
ied by transmission electron microscopy and tunneling scan-
ning microscopy the morphology of ITO films of 5.1 and 6.6
at. % Sn deposited by electron bombardment. Apart from
some degree of preferential orientation no whiskers were
observed?!

The growth of whiskers by electron beam evaporation/
deposition process has been reported in titanium and beryl-
lium by Bunshah and Juritzat around 840 °C, at high depo-
sition rates(250 000 A/min.

The presence of whiskers at the surface of ITO films
when grown afT ;=300 °C under an electron shower irradi-
ating the substrate, has been reported by Yuneitall®
These authors suggest that the electron shower activates the
oxidation of In and Sn, even in oxygen deficient films, pro-
ducing films with resistivities one order of magnitude
smaller than those of films justbeam evaporated 0 * and
102 O cm, respectively As far as we know, no fibrous,
crystalline dendritic structure ia-beam evaporated ITO for
substrate temperatures in the 120—-300 °C range has been
reported as yet. In this work, we have obtained mainly fi-
brous ITO films without recourse to electron shower. Growth

. . . . FIG. 4. SEM micrograplta) of an ITO film (ITO 8) grown at 350 °C and air
conditions, andTs in particular, have been studied. AS  annealed at 350 °C-30 mitty) same sample further air annealed at 400 °C-

may affect the film composition drastically, energy disper-30 min.
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FIG. 7. X-ray difractogram§6—26) of ITO 7 sample of 600 nm thickness,
(a) ITO 7: deposited at 300 °C on glass afi@l ITO 7T.T.400: further air
annealed at 400 °C-30 min.

sive analysis of x-ray$EDAX) composition has been mea-
sured systematically. Crystal structure, morphology, optical
transmittance and reflectance, and sheet resistance have also
been studied.

Il. EXPERIMENT

(b) The vacuum chamber was pumped successively by a ro-
FIG. 5. SEM micrograpla) of an ITO film (ITO 7) grown at 300 °C, and  tary rough pump, a turbomolecular pump, and an additional
(b) air annealed at 400 °C-30 min. ionic pump, the base vacuum beirglx 10’ Torr. Hot
pressed powder consisting of 87%,M3—13% SnQ by
weight, typically 99.999% pure(special-E supplied by
CERAC Inc), was evaporated fro a 4 kVdc-2 kW electron
gun with magnetic deflection and a water-cooled copper cru-
cible. Film substrates were glass microscope slides and
graphite disks that allow optical transmittance and EDAX
composition measurements to be made. Substrate tempera-
tures were between 90 and 400 fthermocouple on sub-
strate while heating with halogen 500 W lamp®uring
evaporation, the pressure was kept in th 1D °-1
X 107° Torr. The beam current was chosen to have a depo-
sition rate of around 35 A/min. After deposition, annealing at
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FIG. 8. X-ray difractogram$6—26) of ITO 2 sample of 400 nm thickness,
FIG. 6. SEM micrograptta) of an ITO film (ITO 6) grown at 250 °C, and  (a) ITO 2: deposited at 120 °C on glass afiy) ITO 2T.T.400: further air
(b) air annealed at 400 °C-30 min. annealed at 400 °C-30 min.
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Grain size was determined by the Scherrer method from
@) 6—26 diffraction diagrams.

The Van der Pauw method was used for carrier measure-
ments at room temperature, the Hall setup had a field
(b) strength of 7 kG. Optical transmittance and reflectance were
obtained by means of a Cary 17D double beam spectropho-
tometer. A model assuming multiple reflections in flat com-
(c) pact films was used and in some cases an apparent absorp-
tion coefficienta was found'*!° The analysis ofr was used
' ' to determine the band gaps.

() In order to summarize the properties of the ITO films as
transparent electrodes, the two figures of merit were used.
bl oottty The first one was proposed by Fraser and Cobk¢
10 20 30 o4 40 50 60 =T/Rg, whereT is the mean value of transmittance in the
FIG. 9. X-ray difractogram$6—26) of ITO 5 sample of 390 nm thickness visible and Rs the fg‘eet reSIStan&&'For the. se.con'd. one,
(@ ITO 5: as deposited at 200 °C on glags) ITO 5T.T.200: further air ’ HaaPke useﬁsszT /Rs, the 10th power being justified by
annealed at 200 °C-30 mirg) ITO 5T.T.350: further air annealed at Multiple reflections.” Both figures of merit have been deter-

350 °C-30 min, andd) ITO 5T.T.400: further air annealed at 400 °C-30 mined in the present work.
min.
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lll. RESULTS AND DISCUSSION

different temperatures was carried out in air during 30 min.  The first remarkable SEM observation on all the films
The film thickness was measured with a stylus type apparagrown by electron beam evaporation is their fibrous texture,
tus (Talystep, Taylor & Hobson, U.K.in the range of 0.15— for they consist mainly of long whiskers 0.5+ in length
1.2 um. The surface topography and EDAX were performedand diameter 450—2000 A with no apparent preferential ori-
in a Philips XL 30 scanning electron microsco®EM). entation. This has been observed for substrate temperatures
Atomic composition by EDAX was measured, in “as- in the 126<Tg=<400 °C range and low deposition rates
grown” films on graphite for In, Sn, and O determination, (about 35 A/min.
and in as-grown and annealed films on glass substrate for In  For samples obtained at 380 <400 °C, the filaments
and Sn relative concentrations. X-ray photoelectron spectrossecome dendritic with many branches. In Fig. 1 the micro-
copy (XPS) was measured in some films on glass substrategraph of a film grown af s= 350 °C is shown. In Figs.(2)
in “as-grown” and annealed states. The XPS studies werand 2Zb) are shown films grown ats= 400 ° C with different
performed in a VG-ESCALAB Model 210 apparatus with a magnifications. In Fig. @ is shown the side view of the
vacuum better than 10" ° Torr. The specimens were ir- deposits indicating that the whiskers start to grow from a
radiated with MgK « of energy 1253.6 eV from a source of more compact thin layefabout 500 A in a film of 5000 A
20 mA-12 kV, 50 eV analyzer and step size 0.45 eV. ITOtotal thicknessat the glass substratd& {=400 °C). In other
was a good conductor so that no charging effects were olzases the whiskers grow from the glass without an interme-
served. diate layer as is shown in Fig(l® (Ts=365°C). On an-
Crystal structure was assessed with a Siemens D-500@ealing in air at temperatures well above that of growth
diffractometer for the thicker filmgthickness>0.39 um). (AT=100 °C), the whiskers sometimes reorient and associ-

TABLE I. Structural properties and composition of some ITO samples on glass substrate. Cumulative annealing
of 30 min in air.

Growth  Annealing Structure Grain
Sample temp.(°C) temp.(°C) (In,0;) a (A) size(A) [Snl/[In] Other phases-structure
ITO1 90 — Cubic  10.138 140 0.15 Sn Tetragonal
ITO 1T.T.400 90 400 Cubic  10.131 144 0.11 Sn Tetragonal
ITO 2 120 — Cubic 10.136 264 0.16 B0y Cubic
Sn Tetragonal
ITO 2T.T.400 120 400 Cubic  10.126 255 0.13 —
ITOS5 200 — Cubic 10.132 391 0.13  JanOyr_y Cubic
ITO 5T.T.200 200 200 Cubic  10.149 358 0.15 Sn Tetragonal
IN;SN0O(7 - Cubic
ITO 5T.T.350 200 350 Cubic  10.110 791 0.16 Sn Tetragonal
IN;SN0O(7 - Cubic
ITO 5T.T.400 200 400 Cubic  10.118 302 0.15 —
ITO 7 300 — Cubic  10.126 450 0.06 —
ITO 7T.T.400 300 400 Cubic 10.124 454 0.04 —
ITO 10 400 — Cubic  10.140 448 0.06 —

Downloaded 22 Feb 2010 to 161.111.180.191. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 83, No. 4, 15 February 1998 Castaneda et al. 1999

100 Table | summarizes for some samples the x-ray struc-
1 IT05.350 tural properties of as-grown and after air annealing films.
< 807 — The phases that accompany thgOgcubic phase, tetragonal
g Sn and cubic 18,07y, are indicated, as well as the
g 60 iT02.400 Sn/In concentration ratio as determined by EDAX. The lat-
E IT04.350 tice constant of Ig0; (a=10.118 A American Society for
§ 40 102,350 Testing and Materials valﬁ% seems to depend df during
< growth and on air annealing temperatufig,), the observed
" o204 ' values ranging from 10.149 to 10.110 A. The samples depos-
ited at lower temperatures present a lattice constant larger
0+ . — : . . . than those deposited at higher temperatures or annealed at

T T T
04 06 08 10 12 14 16 18 20

WAVELENGTH (am) 400 °C, with the exception of sample ITO 10, deposited at

400 °C and presenting=10.140 A. The ionic radius of
FIG. 10. Transmittance as a function of wavelength of selected ITO films|n3* (0.93 A) is larger than that of Si (0.83 A) and the
as-grown(ITQ 4_) and after cumulative 30_m|n air annealings up to the covalent radii are similaf1.405 A for both In and Sﬁlg
temperature indicated by the last three digits. . . .

Therefore, the increase in lattice constant suggests the pres-
ence of interstitial Sn, besides that of substitutional Sn,
mainly in samples grown at lower substrate temperatures,

ate, forming a sort of tissyé-igs. 4a), 4(b)]. At other times, 2o
g ugigs. 4a), 4(b)] Ts<300 °C. Annealing in air up to 350 °C produces the

they partially collaps¢Figs. 5a), 5(b)] or show no notice- i -
able change in morpholodfFigs. 6a), 6(b)]. By air anneal- S€gregation of metallic Sn and ,Br,0(7—, phases. At

ing, the sheet resistance increases by around a factor of 4, 400 “C. the disappearance ob81,0.7_) phase, the EDAX
most. value of Sn/In ratio of 15% and the high Sn/In surface con-

A typical x-ray diffraction diagram of the film is shown centration ratio of 460% found by XPS in a similar annealed
in Figs. 7@ and 7b). The reflections are assigned to planesSamPIe(ITO 2T.T.400, suggest that Sn migrates to the sur-
[222], [211], [110], [400], [411], [431], [440], and[661] of  face. The absencg of met_alllc Sn ang3nO7 phases_
the cubic phase of WD, For Ts<200 °C, in some “as- when Tg=300 °C is associated with a Sn/In concentration
grown” films tetragonal Sn phase appears, with prominenfatio of around 6%, the solubility limit proposed by Frank
[101] reflection peak shown in Fig.(®. In other films, this €tal-
sequence appears after annealing in air at growth temperature We would like to point out the difference between the
[see sample ITO 5 in Figs(&—9(d)]. This points towards Presence of Sn metal in our flms and the presence of In
Sn concentrations far above the 6% solubility limit for films Metal observed in ITO films when deposited by sputtering,
grown atTs<300 °C. No preferential orientation has beenWithout oxygen in the discharde.
found in the IO, base phase. However, at 120 °C substrate ~ The grain size, as determined by the Scherrer method
temperature, the tetragonal Sn metal phase has been detecte@m the peak width at half maximum, increases as a func-
with a strong[101] preferential orientation. tion of the substrate temperature up to 450—2000 A and as-

On annealing in aifFigs. 7b), 8(b), 9(b)—9(d)], the me-  sessed by SEM observatiofsee Figs. &) and 3b), respec-
tallic Sn peak vanishes, and weak reflectiénsarked with  tively]. After further annealing in air, in some cases the grain
asterisks frequently appear, that could be assigned to cubicsize increases from 390 to 790(8ee sample ITO 5 in Table
In,SnO(7—y) ; in particular, reflectiod441] seems stable up 1: Ts=200 °C-T,=350°Q. The observations in SEM
to 350 °C in annealed films. The weak peaks assigned to thehow[Fig. 4(a), 4(b), and §a)] that on annealing the fibers
cubic I,Sn,O7_) phase also appear in some as-growncollapse and the films become more compact. This is simul-
films. Cubic InO; appears as the only phase in sampleganeous to an increase in the optical transmittance in the
grown atT¢=300 °C. 0.4-0.8um range(see Fig. 1D

TABLE Il. EDAX measurements of ITO films on graphite substrate as-grown.

Sn In
Growth

Sample temp.(°C) (at. % Sn{In+Sn In/(In+Sn) [Sn]/[In] [Sn)/[O]

ITO 1 90 75.94 3.33 20.76 0.136 0.864 0.157 0.043
ITO 2 120 68.64 3.06 28.30 0.098 0.902 0.108 0.045
ITO 3 150 68.01 2.04 29.95 0.064 0.936 0.068 0.030
ITO 4 180 73.49 241 24.10 0.090 0.910 0.099 0.033
ITOS5 200 78.84 2.79 18.37 0.132 0.868 0.152 0.035
ITO 6 250 58.20 2.34 39.46 0.056 0.944 0.059 0.040
ITO 7 300 70.41 1.69 27.90 0.057 0.943 0.060 0.024
ITO 8 350 70.41 2.88 26.71 0.097 0.903 0.110 0.041
ITO9 365 72.41 1.67 25.92 0.060 0.940 0.064 0.023
ITO 10 400 70.04 1.46 20.50 0.062 0.938 0.066 0.021
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TABLE lll. EDAX measurements of some ITO films on glass substrate as-grown and cumulative annealing 30

min in air.
In Sn
Growth Annealing

Sample temp.(°C) temp.(°C) (at. %9 [Snl/[In]
ITO 1 90 — 86.96 13.04 0.15
ITO 1T.T.400 90 400 90.25 9.75 0.11
ITO 2 120 — 86.21 13.79 0.16
ITO 2T.T.400 120 400 88.47 1.53 0.13
ITO 3 150 — 94.95 5.05 0.05
ITO 3T.T.400 150 400 95.02 4.98 0.05
ITO 4 180 — 92.79 7.21 0.08
ITO 4T.T.300 180 300 94.65 5.35 0.06
ITO 4T.T.400 180 400 95.81 4.19 0.04
ITOS5 200 — 88.71 11.29 0.13
ITO 5T.T.200 200 200 87.21 2.79 0.15
ITO 5T.T.350 200 350 86.25 13.75 0.16
ITO 5T.T.400 200 400 86.84 13.16 0.15
ITO 6 250 — 95.67 4.33 0.04
ITO 6T.T.400 250 400 95.68 4.32 0.04
ITO7 300 — 94.27 5.73 0.06
ITO 7T.T.400 300 400 95.93 4.07 0.04
ITO 8 350 — 89.56 10.44 0.12
ITO 8T.T.400 350 400 92.90 7.10 0.08
ITO9 365 — 96.55 3.45 0.04
ITO 9T.T.400 365 400 97.14 2.86 0.03
ITO 10 400 — 95.91 4.09 0.06
ITO 10T.T.400 400 400 95.88 4.12 0.04

TABLE IV. XPS measurements of some ITO on glass substrate, as-grown and annealed films.

(0] Sn In C
Sample (at. %9 [Snl[In] SnfIn+Sn) In/(In+Sn)
ITO 2 46.050 5.070 27.360 21.520 0.185 0.156 0.844
ITO 2T.T.400 39.415 27.562 5.997 27.026 4.596 0.821 0.179
ITO7 32.938 8.102 20.413 38.547 0.397 0.284 0.716
ITO 7T.T.400 42.841 9.314 22.763 25.082 0.409 0.290 0.710
TABLE V. Transport and optical properties of as-grown ITO films on glass substrate.
Carrier Direct  Direct
Growth Thickness Rs Resistivity ~ Mobility density Eg1 Ego
Sample temp.(°C) (em) Q/O) Qcm cmVs  10°cm3 (eV) (eV)
ITO 1 90 0.40 123 4.1810°° 2.70 5.50 1.01 1.33
ITO 2 120 0.40 21 7.9810°*4 5.37 14.60 0.71 1.42
ITO3 150 1.17 20 9.0810°4 5.65 11.20 - -
ITO 4 180 0.58 61 3.3810°° 6.79 2.76 1.70 2.21
ITOS5 200 0.39 78 2.9%10°° 6.88 3.12 1.44 1.99
ITO 6 250 1.05 28 2.9810°° 4.34 4.90
ITO 7 300 0.60 29 1.1810°° 7.07 7.78 -
ITO 8 350 0.80 41 3.0910°° 5.08 3.98
ITO 10 400 0.45 21 8.1810°* 7.12 1.22 -
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The EDAX measurements are summarized in Table I 181
for*as-grown” films on graphite substrate and Table Ill on 15
glass substrate and further annealing in air. In the ITO films |'r02
deposited on graphite ai=<250 °C, the Sn content exceeds '
by about a factor of 2 the 6 at. % solubility limit of Sn in
In,O;, while at higher temperature§ =300 °C) the con-
centration is about 6 at. % decreasing to 4 at. % on annealing
at 400 °C in air. On further annealing in air of films on glass
substrates, the detected Sn/In ratio decreases, which would th i
also be consistent with segregation of Sn to the surface. The * , - .
low Sn content £4 at. %) in samples further annealed at 04 06 08 10 12 14 18 18 20
400 °C is remarkable and suggests that, apart from surface WAVELENGTH (um)
segregation, some reevaporation of Siakes place. EDAX FIG. 11. Reflectance as a function of wavelength of selected ITO films,
measurements have been also done on the film cross secti@s;9rown(ITO 2, ITO 4) and after cumulative 30 min air annealings up to
after splitting the glass substrate. Fog=2365 °C, in the the temperature indicated by the last three digits.
outer film side consisting of whiskers, the Sn/In concentra-
tion ratio is less than 50% of that of the film side close to the
substrate, i.e., about 3% and 7%, respectively. For highefransmittance in the visible range. Figure 10 curve ITO 4
substrate temperaturd {&=400 °C) the difference in Sn/In shows the optical transmittance of the more representative
concentration ratio between the whiskers and the film inneas-grown ITO films.
layer decreases, i.e., 2.6% and 3.2%, respectively. In Table V, transport and optical properties are shown.

Surface composition XPS measurements on two films oin the as-grown form, the low substrate temperature films
glass substrate both in as-grown state and after annealing present an anomalous direct energy gap in the 0.7-1.7 eV
air, are shown in Table IV. In the as-grown state filmTat  range, that may be attributed to the presence 8O _
=120 °C, an atomic ratipSn]/[In]~18.5 at. % similar to the phases and metallic Sn tetragonal phase. The sheet resistance
EDAX 15.7% value was found. On annealing in air, there isfor a film with an apparent thickness of 4000 A, as measured
an important increase ¢Bn|/[In] concentration ratio at the with a “Talystep” profile apparatus, is 20/0]. With this
surface &460%). There is a certain growth in C content, apparent thickness, the resistivity and carrier concentration
and at the same time the oxygen content decreases on the aitlues obtained should be interpreted only as an indicative
annealed sample. As in this annealed sample no phase othesistivity of the bulk material. The optical band gaps quoted
than O3 has been detectgdee Table ), the migration of  for the films are also indicative, as the model used refers to a
Sn to the surface seems to be the means of releiving stresempact film. However, the clearly lower energy gaps may
from the lattice. In the sample grown at 300 °C, the increasde attributed to phases other than cubigdn
of Sn at the surface takes place during growth, up to  Air annealing at 200 °C for 30 min produces increases in
[Sn|/[In]~40 at. % and does not change much on further aitransmittance in the visible range, up to 14% and a decrease
annealing(Sn)[In]=41 at. %9, possibly due to the fact that in reflectance in the near IR, of 1%. Further annealing above
the as-grown bulk concentration is close to the saturatior200 °C in air increases reflectance in the visible range up to
value (6 at. %9. The data of Table | of lattice constants of 2%—3%, and decreases it in the near IR, down to (3%
samples ITO 2 and ITO 7 after annealing to 400 «C, Fig. 11). The appearance of interference maxima and minima
=10.126 A anca=10.124 A, may be related to the value of suggests a reduction of the surface roughness on annealing.
the Sn saturated lattice. Table VI summarizes the results of the electrical and optical

In as-grown films, the spectral optical transmittance doegroperties of the film after successive annealings in air. The
not show interference maxima and minima, as could be exresistance square increases with annealing, in spite of the
pected from a rough surface. Fbg above 250 °C, the films possible increase in the effective cross section of the com-
present a milky aspect to the naked eye, keeping a largeact part of the film, as whiskers connect or collapse and

REFLECTANCE (%)

TABLE VI. Transport and optical properties ITO samples after annealing in air for 30 min.

Carrier Forbidden
Annealing  Resistivity Mobility density Direct Direct Eq
Sample temp. (°C) (Qcm) (cnm?Vs)  10%cm®  EgeV)  Eg(eV) eVv)
ITO 1T.T.300 300 4.0810° 14.70 10.50 1.72 2.20 2.85
ITO 1T.T.400 400 1.3810 2 16.70 2.75 271 3.06
ITO 2T.T.400 400 4.6810° 3.88 32.90 243 3.06
ITO 4T.T.350 350 3.5%10°2 8.85 1.95 1.74 2.30
ITO 5T.T.300 300 7.0410°2 5.82 1.52 2.40 2.99
ITO 5T.T.400 400 1.1910 2 6.87 7.64 2.64 3.01
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TABLE VII. Comparison of figure-of-merit valueSt¢ and ¢+c of ITO films after annealing in air for 30 min.

Transmittance % at Frc[103Q 1 at drc[10°3 Q7Y at
different wavelengthgum) different wavelengthgum) different wavelengthgum)

S
Sample [(/O] 0.60 0.65 0.70 0.60 0.65 0.70 0.60 0.65 0.70

ITO 1T.T.400 778 76 76 86 1.0 1.0 11 0.08 0.08 0.28
ITO 2T.T.300 241 70 70 71 2.9 2.9 2.9 0.12 0.12 0.13
ITO 2T.T.350 251 72 75 76 2.9 3.0 3.0 0.15 0.22 0.22
ITO 2T.T.400 280 81 86 90 2.9 3.1 3.2 0.43 0.79 1.24
ITO 4T.T.200 106 51 56 59 4.8 53 5.6 0.01 0.03 0.05
ITO 4T.T.300 118 64 67 71 5.4 5.7 6.0 0.10 0.15 0.28
ITO 4T.T.350 287 74 77 80 2.6 2.7 2.8 0.17 0.25 0.37
ITO 5T.T.200 340 64 67 71 1.9 2.0 21 0.03 0.05 0.10
ITO 5T.T.300 342 78 80 83 2.3 2.3 2.4 0.24 0.31 0.45
ITO 5T.T.350 387 85 87 89 2.2 2.2 2.3 0.51 0.64 0.81
ITO 5T.T.400 627 83 85 88 13 1.4 1.4 0.25 0.31 0.44
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