Indium tin oxide films with low resistivity and low internal stress
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Indium tin oxide(ITO) films prepared by dc magnetron sputtering were annealed in air, vacuum, and
oxygen gas atmospheres. The electrical properties and internal stresses of these annealed ITO films
were systematically investigated. It was found that, among the above postannealing treatments,
oxygen gas annealing significantly reduced both the resistivity and the internal stress in ITO films
at fairly low temperatures of 100-150°C. Resistivities and internal stresses as low as 7

x 10”4 cm and 38 MPa, respectively, were obtained by annealing in oxygen gas atmosphere at
100°C. It was also revealed that tkiEll) crystal orientation becomes dominant and that whole
grains grow dramatically as a result of postoxygen annealing, even at 100 °Q00® American
Vacuum Society[DOI: 10.1116/1.1563623

[. INTRODUCTION fect measurements using the Van der Pauw method at room
temperature. The film surface morphology was observed

ent conducting film for various display devices. These ITOWith atomic force micro_scop(aAFM, Epson SP.ISSOON and
Ige structure and the internal stress were investigated and

films are conventionally deposited on a glass substrate, bd d velv b ) hinfi diff
deposition on a polymer substrate has recently received cofjpeasured, respectively, by using thin-film x-ray diffracto-

siderable attention for use in future display applications. Tdneter (Rigaku RINT 2500. As-deposited films "Zere. an-
achieve this, ITO films with low resistivity, low internal nealed at temperaturfs betwee_n 100 and 300°Cjra
stresses, and high optical transmittance are required in relé{gcuum(less than 10°Pa), (2) air, and(3) a gas flow of
tively low-temperature processes. Many processing studied!re oxygen.

of ITO films have been conducted with the aim of obtaining . 'I;hebcomp_osition of as-de]zclposited films mea}sure_d qkualita-
films with both low resistivity and high optical tively by using an x-ray fluorescence analysiigaku

_ 0, — 0 -
transmittancé ™ It has been reported that ITO films with R|X25EO) was 95 ?]GWt % 1505 and 45wt /;Jan(g;] al
either low resistivity or low internal stress can be obtained™©st the same as the target composition used In the present

by either optimizing substrate temperatures during sputterinapune”ng'

or postannealing in afrHowever, to my knowledge, there

are few reports of ITO films with both low resistivity and

low internal stress having been successfully obtained in rela-

tively low-temperature processes at less than 200 °C. . RESULTS AND DISCUSSION
For this purpose, an investigation was undertaken to de-

termine the effects of annealing ITO films in various gas - . ) :

atmospheres, such as vacuum, air, and oxygen gas. As a l%(gnsny, and Hall mobility for ITO films annealed in a

sult, it was found that ITO films satisfying the above require—vacuum’ air, and flow oxygen gas, respectively, at each tem-

ments can be obtained by heat treatment in oxygen gas Jperature for 30 min. It should be noticed that for the oxygen-
mosphere annealed samples, the resistivity decreased markedly from

57x10 % to 7x10 4 Q cm at 100 °C, and showed low val-
ues of 5<10" 4 cm at 200 °C, and then tended to increase
Il. EXPERIMENT with annealing above 250°C. In contrast, the resistivity of

ITO films (260—280 nm in thicknegsvere prepared by dc both vacuum- and air-annealed samples monotonically de-
magnetron sputtering on a glass substrate at room temperg€ased with increasing annealing temperatures, and reached
ture. The target used was a sintered ceramic target with ¥2lues as low as* 10" *Q cm above 250 °C. On the whole,
mixture of 95wt % IpO; and 5 wt% Sn@. The sputtering the mobility of different annealing samples increases mono-
was performed using a high purity A2 vol % O, gas mix-  tonically with the annealing temperatures. However, the de-
ture (99.999% whose total pressure was kept at 0.7 Pa duriPendence of carrier density on annealing temperature is quite
ing deposition. The structure of all the present as-depositeglifferent for each sample, depending on different heat treat-
ITO films was not amorphOUS, but p0|ycrysta”ine as men_ments used. It was revealed that the carrier denSity of
tioned below. The resistivity and electron mobility of the OXygen-annealed samples increases markedly at 100 °C and
films before and after annealing were measured by Hall efthen decreases above 200 °C, while those of vacuum- and

air-annealed samples start to increase above 200 and 250 °C,

aAuthor to whom correspondence should be addressed; electronic mair.eSp?CtiVel)/- The general ter.‘dency of the change in_ Ca”’i?r
takayama@k.hosei.ac.jp density appears to be opposite to that of the change in resis-

Indium tin oxide(ITO) is widely used to make a transpar-

Figure 1 shows the changes in resistivity, electron carrier

1351  J. Vac. Sci. Technol. A 21 (4), Jul/Aug 2003 0734-2101/2003/21(4)/1351/4/$19.00 ©2003 American Vacuum Society 1351



1352 Takayama et al.: ITO films with low resistivity 1352

60 1600 -
= S . N = =V acuum Annealing
C; a5 | N - ‘m = #l~ Air Annealing LR .
v N . ey O xygen Annealing 1200 Lt N
o 2 =% - "
—_ a | - | ]
< 30 = \
Q 3 \
> ® 800 \ —&— Vacuum Annealing
= @2 \ - -BF - Air Annealing
_72 15 43 e Oxygen Annealing
g 5
£ 400
0 ‘ £
0 50 100 150 200 250 300
Annealing temperature (°C)
0
10 : 0 50 100 150 200 250 300 350
— &= Vacuum Annealing E Annealing temperature (°C)
8 ¢ - -l - Air Annealing !
S ey Oxygen Annealing _‘ FiG. 2. Change of internal stress in ITO films annealed in various gas atmo-
5 M sphere as functions of the annealing temperature.
.

temperatures by annealing them in oxygen gas atmosphere.
The changes in the surface morphologies of ITO films
annealed, respectively, at 100, 200, and 300 °C in various gas
atmospheres were observed with AFM, and are shown in
Figs. 3-5. In Fig. 3, the surface morphology of as-deposited
ITO films is also included as a reference. Note that particu-
30 larly large grain growth has already taken place for the
,‘ samples annealed at 100 °C in the oxygen atmospliége
(c) Y e 3(d)], which is quite different from the results for samples
3 annealed in either afiFig. 3(c)] or vacuum[Fig. 3(b)]. Such
recrystallized grain sizes do not significantly change with
further high temperature annealitgge Figs. 4 and)5In the
10 . case of samples annealed in vacuum, a large grain growth
—¢— Vacuum Annealing starts to occur at 200 °C as shown in Figa)dand their grain
- -l - Air Annealing . | | h d with furth hiah t
e Oxygen Annealing sizes are also nearly unchanged with further high tempera-
0 ture annealing at 300 °C as demonstrated in Fig.. ©n the
0 50 100 150 200 250 300 other hand, samples annealed in air do not show a large grain
Annealing temperature (°C) . . . .
growth even with high temperature annealing as shown in

Fic. 1. (a) Resistivityp, (b) carrier densityn, and(c) Hall mobility . of the  Figs. 4b) and §b). Since a large grain growth due to recrys-
ITO films annealed in various gas atmospheres as functions of the annealing
temperatures.
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tivity. Thus, the main cause of the change in resistivity is ” '
most likely due to the change in carrier density in films an-
nealed using various heat treatments.

Figure 2 shows the change in Internal stress as a function
of the annealing temperature for samples annealed by using
various heat treatments. All of the internal stresses measured
were compression. Note that the internal stresses of oxygen-
annealed samples decrease sharply from 1400 to 38 MPa in
compression mode at 100 °C and show almost constant low
values with further increases in the annealing temperature. In
the case of vacuum annealing, the internal stresses start to £
decrease markedly at 200 °C and show almost constant val-
ues(~100 MPa with further increases in the annealing tem-
perature. On the other hand, those of air-annealed samples do
not change significantly within the range of the present an-
nealing temperatures, and show relatl\./ely high Compl‘eSSIOHG. 3. AFM images of surface morphologies of the ITO films before an-
values(about 1100 MPR These results indicate that internal neajing () and after annealing at 100 °C i) vacuum, (c) air, and (d)
stresses in ITO films can be largely reduced at relatively lowoxygen atmosphere.

! (d) Oxygen at 100°C
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Fic. 4. AFM images of surface morphologies of the ITO films after anneal-Fig, 5. AFM images of surface morphologies of the ITO films after anneal-
ing at 200 °C in(a) vacuum,(b) air, and(c) oxygen atmosphere. ing at 300 °C in(a) vacuum,(b) air, and(c) oxygen atmosphere.

tallization usually causes a large stress relief, the large ineancies or tin ions on substitutional sites of indium ions.
crease in grain size for the samples annealed in oxygen drherefore, resistivities are expected to be increased by filling
vacuum atmosphere most likely plays a large role in reducef oxygen vacancies through penetration of oxygen in the
ing the internal stress significantly at low temperatures. ParTO films. Indeed, the resistivity and electron carrier density
ticulary, oxygen annealing can enhance low temperature resf the present as-deposited ITO films increase and decrease,
crystallization accompanied by a large internal stress relief imespectively, with increasing an oxygen admixture to the Ar
ITO films. sputtering gas during sputtering. However, this is not consis-
It is well known that ITO films are categorized adype  tent with the result of a large decrease in resistivity accom-
semiconductors. Their free electrons arise from oxygen vapanied by a large increase in carrier density for the samples
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n203(222) — strong(222) and (400 crystal orientations. Comparing with
In203(440) Figs. 1 and 2, thg400 diffraction intensity significantly
decreases accompanied by the large increase of2h®

i 007 intensity when both resistivities and internal stresses largely
decrease on annealing. This indicates that a preferential crys-
tal growth toward th€222) orientation takes place when the
200°¢ grain size becomes extremely coarse. TBR?) type of pre-

150°c ferred orientation, however, does not always yield a decrease
in both resistivities and internal stresses of ITO films, though

In203(400)

In203(211) In203(622)

(@)

250°C

100°C

1 done the addition of oxygen to Ar in sputtering also enhances the
P EY N I 70 3 crystallization of films>* Indeed, present samples prepared
by addition of more than 10% oxygen to the sputter Ar dur-

03I in703(400) ing sputtering show a stron@22) intensity compared with
1203211 nzo3cast) 2O 629) the (400 one. These as-made films prepared in high oxygen
- content in the sputter Ar show very high resistivities of more

(b) so0'e than 1000 cm. Note that x-ray diffraction profiles in air
250°C atmosphere do not significantly change with annealing.

These results are quite different from other atmospheric an-
nealing. In particular, the peak of J8;(400) does not ap-
150°C parently decrease with increase of annealing temperature, in-
dicating that present as-made ITO samples do not show a
large structure change in air annealing. These facts are also
% % n 0 0 e oo Tdere revealed by the results of no significant grain growth in air
20 (de) annealing as compared with Figs(aB and 5b). Judging

from the above results, the recrystallization of ITO films in
postannealing most likely largely depends on both oxygen
n203(400)  In203(440) 1205622) content in an annealing atmosphere and as-made structures

‘ of ITO films. Note that amorphous ITO samples do not show
300°C the significant improvement of resistivities and internal
stresses at 100 °C in oxygen annealing, though depending on
conditions of sample preparation, which will be reported
elsewhere. The mechanism of the effects of oxygen on the
150°C recrystallization of ITO films is still not clear and left for
100°C further future work.

200°C

100°C

In203(211)

(c)

250°C

200°C

A —depo Finally, the optical transmittance of all of the postan-
0 % e 7 # nealed films in oxygen gas atmosphere was measured and
found to be more than 90% in the visible region of the solar

Fic. 6. X-ray diffraction profiles of the samples annealedanvacuum,(b)

air, and(c) oxygen gas atmosphere at various annealing temperatures. spectrum.

IV. SUMMARY

Indium tin oxide (ITO) films prepared by dc magnetron
Buttering were annealed in air, vacuum, and oxygen gas
Qfmosphere. It was found that, among the above postanneal-
r?ng treatments, oxygen gas annealing significantly reduced

Both the resistivity and the internal stress in ITO films at

tration resulting in a large decrease in resistivity, as shown "?airly low temperatures of 100—150 °C. Resistivities and in-

Figs. Xa and Xb). The increase in resistivity assomated_ ternal stresses as low a0~ Q cm and 38 MPa, respec-

with the decrease in carrier density for the films _annealed 'riively, were obtained by annealing in oxygen gas atmosphere
OXygen gas atmosphere aboy e 200°C mqst likely resultgt 100 °C. It was also revealed that tfie.1) crystal orienta-
from filling of oxygen vacancies by absorption of oxygen tion becomes dominant and that whole grains grow dramati-

into the films d%”'”g oxygen anneallng. . cally as a result of postoxygen annealing, even at 100 °C.
Representative x-ray diffraction profiles of samples an-

nealgd in a flow oxygen gas, vacuum and air at various an-y_j wieng and M. P. Dos Santos, Thin Solid Fil289, 65 (1996
nealing temperatures are presented, respectively, in FigS2H. Schmitt, K. Carl, and I. Friedrich, Thin Solid Filn®95, 151 (1997.
6(a)—6(c). Temperatures listed at the right hand side of the M. |||3ender|’< W-h Seelilga C-I Daube, F(l Frgnkenbﬂgeh B. Ocker, and J.
; indli ; Stollenwerk, Thin Solid Film$26, 72 (1998.

figures indicate the postannea!mg t_emperaturgs employednw‘ Wu, B. Chiou, and S. T. Hsieh, Semicond. Sci. Techi®l1242
Note that the present as-deposited filtas-depo in the fig- (1994.

ures are not amorphous, but a crystalline structure with two 5G. Frank and H. Kostlin, Appl. Phys. A: Solids Sugf7, 197 (1982.

annealed in oxygen gas atmosphere at 100—200 °C. Since tg
above large grain growth can also cause less grain bounda
scattering for carrier free electrons in the films, the latter ca
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