Characteristics of Indium Tin Oxide Films Deposited by DC and RF
Magnetron Sputtering
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Conductive and transparent indium tin oxide (ITO) films with a thickness of 100nm
were deposited onto glasses and Si (100) wafers by direct current (DC) and radio
frequency (RF) magnetron sputtering. The formation and the annealing effect of
films were studied by the measurements of resistivity, optical-transmission, X-ray
diffraction and scanning tunneling microscopy (STM). Experimental studies
indicated those films deposited by DC sputtering in a1% O, in an O,/Ar gas
mixture, without annealing, have the lowest resistivity and the highest transmission.
In addition, the films deposited by RF sputtering in a 3% O, in an O,/Ar gas
mixture, with annealing in air at 300 for 2h, have better resistivity and
transmission.
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1. Introduction

Because of their high conductivity and transmissivity, indium tin oxide (ITO) films
have motivated great interests in experimental studies and technological
applications. The exceptional properties of ITO films can be exploited in numerous
applications in optical electronic devices, for example, solar cells,Y) photodiodes, 2
image sensors,® liquid crystal displ ays,7) and charge coupled devi ces.®) In addition,
an interesting application of 1TO is coating an optical fiber tip for photon- scanning
tunneling microscopy (STM) imaging. As the conductive optical fiver tip can inject
carriers and collect photons simultaneously, it has been used to study photon
emission from adsorbed porphyrin molecules on a metal surface induced by

tunneling dectron.? Up to date, ITO films have been prepared by various deposition
techniques such as chemical vapor deposition, %11 dlectron beam evaporation,1?
reactive thermal evaporation,13) spray pyrolysi 514 direct current (DC) and radio
frequency (RF) magnetron sputteri ng.15'21) Among the various deposition
techniques, films with the lowest resistivity and the highest transmission have been
prepared by magnetron sputtering.15'17'20)

Previously, we presented a report on the deposition of ITO filmson glassesand S

(100) substrates using DC magnetron sputtering in argon (Ar) atomosphere.zz) In the
report, we systematically studied the influence of growth temperature and a
subsequent annealing procedure on the electrical, optical and X-ray diffraction
properties. Based on the electrical and optical properties, arealistic substrate



temperature 325 for the deposition of ITO films was experimentally found. For
improvements in conductive and transparent properties, the deposited ITO films
should be annealed in air at 300 for 2h. Here we report on the DC and RF
magnetron sputtering deposition of ITO on glasses and Si(100) surfaces at

325 ,inargon (Ar) and oxygen (O,) mixed atmosphere with various O, fractions

from 0% to 5%. X-ray diffraction, resistivity, transmission measurements and STM
observations were carried out to investigate the DC and RF sputtered films. Also the
effects of annealing (inair at 300 for 2h) on the electrical and optical properties of
ITO films are presented.

2. Experimental Procedure

Glasses (80 um in thickness) and Si(100) wafers (380um in thickness) were used as
substrates. The films deposited on glasses were used in the study of conductive and
transparent properties, while the films deposited on Si(100) were used in the study
of thickness measurements and STM observations. The deposition of ITO filmswas
performed with the coaxial magnetron sputtering, at a substrate temperature of
325 ,inArand O, mixed atmosphere using a commercial sputter deposition

system (Eiko Ltd., Japan). In the mixed atmosphere, the O, gas fraction was from

0% to 5%. A disk-shaped hot pressed ITO target (80px 3T) composed of 95 wt%
In,O5 and 5 wt% SnO,, was used. The glassand Si substrates were pre-cleaned with
ethanol and acetone, respectively. Before deposition, the substrates were pre-heated
from room temperature up to 325  and kept for 2h. The substrate temperature was
kept constant during the deposition. The distance between the substrates and target
is 100mm. Flows of Ar and O, gas were controlled by mass flow controllers. The

deposition conditions included RF/DC magnetron power of 100W, Ar and O, gas

mixture at atotal pressureof  1.7x 103Torr. The deposition rate was
25nm/min.
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Fig.1. Redigtivities and transmission of 100nm thick ITO films on glasses varsus O,/Ar flow rate (0-5%) before
and after annealing in air at 300  for 2h. The films were deposited by DC 100W, at substrate temperature

325 and under Ar and O, mixed pressure of ~ 1.7x 10°3Torr. (a) and (c) are before annealing, (b) and (d) are
after annealing.
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Fig.2. Resigtivities and transmission of 100nm thick ITO films on glasses versus O,/Ar flow rate (0-5%) before
and after annealing inair at 300 for 2h. The filmswere deposited by RF 100W, at substrate temperature

325 and under Ar and O, mixed pressureof 1.7 103Torr. (a) and (c) are before annealing, (b) and (d) are
after annealing.

After sputter deposition, the filmswere annealed in air at 300  for 2h. Film
thickness was measured with a surface texture measurement instrument. The film
resistance was measured by the four-point probe method with a DC voltage current
source (R6145). The film transmission was measured with a universal optical power
meter (MELLES GRIOT) using alaser wavelength of 650nm.X-ray diffraction data
were taken with a Rint 2500 X-ray diffractometer. STM images were obtained with
aJSTM-4200sin air.
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Fig.3. X-ray diffraction pattern of 100nm thick ITO films glasses after deposition and annealing in air at 300
for 2h, the films were deposited by DC 100W, at substrate temperature 325° , under Ar and O,, mixed pressure



of 1.7x 103Torr inwhich OZIAr flow rate was O%A, 1%B, 2%C, 3%D, 4%E and 5%F.
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Fig.4. X-ray diffraction pattern of 100nm thick ITO films on glasses after deposition and annealing in air at
300 for 2h. the films were deposited by RF 100W, at substrate temperature 325° , under Ar and O,mixed

pressureof  1.7x 10°3Torr in which OzlAr flow rate was 0%A, 1%B, 2%C,3%D, 4%E and 5%F.

3. Results

3.1 Electrical and optical properties

Figure 1 shows the resistivities and the transmission of ITO films grown by DC
magnetron sputtering versus the O,/Ar flow rate (%) before and after annealing in

airat 300 for 2h. Theresistivity of the film produced without O, isused asa

reference. In general, before annealing, the resistivity increases with increasing
O,/Ar flow rate. After annealing the resistivity exhibits similar tendency. However,

at an O,/Ar flow rate of 1%, the film without annealing has the lowest resistivity.

After annealing, the resistivity increases too much as presented in Fig.1, curves (a)
and (b). For films deposited in atomosphere with and without oxygen, there are not
so much differences in transmission before and after annealing. Only at an O,/Ar

flow rate of 1%, before annealing, the film shows the highest transmission. After
annealing, the transmission decreases obviously as exhibited by comparing curves
(c) and (d) in Fig.1. Based on the resistivity and transmission, the film produced by

DC 100W under mixed atmosphere pressureof — 1.7x 103Torr with O,/Ar flow

rate of 1% without annealing possesses generally the best conductive and
transparent properties. Fig.2 similarly describes electrical and optical properties of
ITO films produced by RF magnetron sputtering. By using the same analysis and
comparison, it is found that the film deposited with O,/Ar flow rate of 3% and

annedled inair at 300 for 2h exhibits the better conductive and transparent



properties.

Itisclearly seenin Fig.1 that we found the singularity in resistivity and
transmission of the ITO films grown by DC sputtering in Ar and O, mixed

atmosphere with 1% O,. To our knowledge, the singular phenomenon was not

reported before. The exact reason is still not clear to us. From Figs.1 and 2, the
effect of the presence of oxygen gas in the sputtering atmosphere on the film
properties, especially on the film resistivity, is remarkable. The influence of oxygen
flow rate on resisitivity can be explained in terms of two competing effects 15 20)
Increase in oxygen flow rate enhances the growth of crystalline phases of ITO films

which leads to higher mobility of carriers.23) On the other hand increased oxygen
flow rate decreases the carrier densi ty.24) The good electrical conductivity of ITO
films depends on doping with Sn*" a In3" sitesin the In, 0, lattice.® O-hole

defects generate two electrons as carrier and one electron is generated when | n* is
substituted by Sn**.20)

3.2 X-ray diffraction

X-ray diffraction patterns of 1TO films deposited by DC magnetron sputtering are
presented in Fig.3. The filmswere annealed in air at 300  for 2h. The volume
fraction of O, in the O,/Ar mixture was 0% for curve A, 1% B, 2% C, 3% D, 4% E

and 5% F. Typical peaks were assigned to the diffraction from (211), (222), (104)
and (300) planes of ITO films. The spectrum at 26(  30° ) showstwo peaks, (222)
and (104), with different intensity for A, B, C, and D, but only one strong peak (222)
for E and F. In addition, for A, C and D curves, the (222) diffraction is stronger than
the (104) diffraction. However, for B curve, the sample not only showed that the
(222) diffraction was weaker than (104), but also didn't show any (300) diffraction.
X-ray diffraction experiments have provided some structural information to show
the ITO films deposited with various O,/Ar flow rate from 0% up to 5% and

annedledinair at 300 for 2h exhibiting different resistivities and transmission
described b and d curvesin Fig.1. The film deposited in mixed atmosphere with
O,/Ar flow rate 1% and annealed inair at 300  for 2h exhibited very specia

resistivity and transmission.

X-ray diffraction patterns of 1TO films deposited by RF method are exhibited in
Fig.4. Thefilmswere adso annealed inair at 300 for 2h. Typical peaks were
assigned to the diffraction from (211), (222), (400) and (300) planes of ITO films,
respectively. For al six samples, A-F, prepared with 0-5% O, fraction, the (222)

peak is very sharp and strong. The E and F curves, the films deposited in mixed
atmosphere with O,/Ar flow rate of 4% and 5% and annealed, only show avery

strong (222) diffraction peak. The difference of the shape and width of the
diffraction peaksin Fig.4 in comparison with Fig.3 is remarkable. The diffraction at
26angleof 30° for the samples shown in Fig.4 appeared only one very strong
sharp peak. But for the samples shown in Fig.3, the diffraction at 26angleof  30°
exhibited awide double-peaks (A, B, C, D, E curves) with different intensity and a
wide single-peak (F curve). Fig.4 indicates that the films deposited by RF sputtering
with post-anneal have dominant crystallization phase shown by (222) diffraction.
However, the films produced by DC sputtering with post-anneal possess competitive
phases shown by (222) and (104) diffraction. Therefore, the films deposited by



different sputtering (DC and RF) methods, exhibited different resistivities and
transmission as seen in Fig.1 and 2.

3.3 STM imaging

Figure 5 gives STM images of ITO films deposited by DC sputtering on Si(100).
The film produced in Ar atmosphere shows many domains and clear boundaries as
shown in Fig.5 (&), which isin agreement with our former observation.22 However,
the films prepared in Ar and O,, mixed atmosphere show images, Figs. 5(b)-5(f),

which are different from that produced in Ar atmosphere only. As presented in
Fig.6, after deposition and annealing, every sample shows a new surface topography
different from the original one. STM images of 1TO films deposited by RF
sputtering on Si(100) are shown in Fig.7. Although the difference is only sputtering
method, surface topography of the film is very different from those in Fig.5. After
annealing inair at 300 for 2h, these surfaces changed as shown in Fig.8. For the
surface topography, the changes are very complex. So, in this paper, we just show
STM images. We are unable to propose reasonabl e interpretations.

3.4 Formation of the ITO films

In our previous work,22) experimentally, we found that a substrate temperature of
325 favored of producing ITO filmswith lower resistivity and higher
transmission. After DC magnetron sputter deposition in argon, in order to improve
the electrical and optical properties, athermal treatment (post-anneal) of the ITO
films was necessary in which an annealing temperature of 300 and an annealing
time of 2h were selected and demonstrated experimentally. Based on the results of
X-ray diffraction, STM, resistivities and transmission measurements, film growth
was described by two models which included amorphous film formation below a
substrate temperature of 325 (40-300 ), and crystalline film formation at a
substrate temperature of 325 and above (325-400 ). After annealing, the
amorphous films transform into crystalline films. During the formation of films,
three kinds of possible nucleation sites, such as the nucleation on the substrate
surface, the nucleation at the inside of the amorphous films and the nucleation at the

growing surface of the films existed.?2 27)

In this report, the substrate temperature for film deposition and the annealing
temperature and time for film post-treatment are the same as those in the referenced

experiments. 22) Accordi ng to our previous experience, the films shown in this
report should be formed in crystalline phase. The nucleation site should be on the
substrate surface and at the growing surface of the films. However, because there is
oxygen in the mixed atmosphere, the formation of the film has become relatively
complicated. As a matter of face, the nucleation siteis not only on the substrate
surface and at the growing surface, but also at the inside of the amorphous films.

4. Conclusions



The ITO films were deposited by direct current (DC) and radio frequency (RF)
magnetron sputtering with various parameters. Resistivity and transmission of films
before and after annealing have been measured. Based on the measurement of
resistivity and transmission, the films produced by DC magnetron sputtering
(100W), at 325  substrate temperature, in an Ar and O, mixture containing 1% O,

and atotal pressureof 1.7x 10"3Torr, show the best conductive and transparent

properties without annealing. For RF magnetron sputtering (100W) , the films
deposited at 325  with an Ar and O, mixture containing 3% O, and atotal pressure

of 1.7x 103Torr, followed by annealingin air 300  for 2h, have better
conductive and transparent properties.

Fig.5. STM images of 100nm thick ITO films on Si(100), scan size is 498x 498nm?, sample bias voltage V is
1.40V and tunneling current I, is 0.06nA for () and (c), 0.05nA for (b), (d), (€) and (f). The films were deposited

by DC 100W, at substrate temperature 325 , under Ar and O, mixed pressure of ~ 1.7x 103Torr in which
O,/Ar flow rate was 0%(a), 1%(b),2%(c), 3%(d), 4%(€) and 5%(f).



Fig. 6. STM images of 100nm thick ITO filmson Si(100) after deposition, and annealing in air at 300  for
2h, scan sizeis498x 498nm?, sample bias voltage V is 1.40V and tunneling current | is 0.06nA for (a) (€),
0.04nA for (b), (c), (d) and (f). The films were deposited by DC 100W, at substrate temperature 325 , under Ar
and O, mixed pressure of ~ 1.7x 10"3Torr in which O,/Ar flow rate was 0%(a), 1%(b),2%(c), 3%(d), 4%(€) and
5%(f).

Fig.7. STM images of 100nm thick ITO films on Si (100), scan sizeis498x 498nm?, sample bias voltage V is
1.40V and tunneling current |, is 0.03nA for (a), (b), (d) and (f), 0.02nA for (c) and 0.04nA for (€). The films

were deposited by RF 100W, at substrate temperature 325° , under Ar and O, mixed pressure of ~ 1.7x 10°
3Torr in which O,/Ar flow rate was 0% (a), 1%(b), 2%(c), 3% (d), 4% (€) and 5% (f).



Fig.8. STM images of 100nm thick ITO filmson Si (100) after deposition and annealing in air at 300  for 2h,
scan sizeis498x 498nm?, sample bias voltage V is 1.40V and tunneling current | is 0.03nA. The films were

deposited by RF 100W, at substrate temperature 325° , under Ar and O, mixed pressureof 1.7 103Torr in
which O /Ar flow rate was 0% (a), 1% (b), 2% (c), 3% (d) , 4%(€) and 5% (f).

1

2)

3

4)

5)

6)

7)

8)

9)

E.Maruyama, S. Tsudaand S. Nakao: Solid Sate Phenemena (Wiley, New Y ork, 1995).

M. Powell, C. Glasse, I. French, A. Franklin, J. Hughes and J. Curran: Mater. Res. Soc. Symp.
Proc. 467 (1997) 863.

J. S. Kim, M. Granstrom, R. H. Friend, N. Johansson, W. R. Salaneck, R. Daik, W. J. Feast
and F. Cacialli: J. Appl. Phys. 84 (1998) 6859.

J. S. Kim, R. H. Friend and F. Caciali: Appl. Phys. Lett. 74 (1999) 3084.

S. M. Tadayyon, K. Griffiths, P.R. Norton, C. Tripp and Z. Popovic: J. Vac. Sci. Technol. A
17 (1999) 1773.

R. Street, X. Wu, R. Weisfield, S. Ready, R. Apte, M. Nguyen and P. Nylen: Master. Res. Soc.
Symp. Proc. 377 (1995) 757.

J. Lan and J. Kanicki: Master. Res. Soc. Symp. Proc. 424 (1997) 347.

N. Harada: Amorphous Semiconductor Technologies and Devices (1984) JARECT Voal. 6, p.
283.

D. Fujita, T. Ohgi, W. Deng, H. Nejo, T. Okamoto, S. Y okoyama, K. Kamidado and S.
Mashiko: Surf. Sci. 454-456 (2000) 1021.

10) R. Greoth: Physics Status Solidi 14 (1966) 69.

11) T.Maruyamaand K. Fukui: Thin Solid Films 203 (1991) 297.

12) R.Banerjee, D. Das, S. Ray and A. Batabyal: Sol. Energy Mater. 13 (1985) 11.



13) C.Carvalho: Ph. D. Thesis, Faculdade de Ciencias e Tecnologia da Universidade Nova de
Lisboa, 1995.

14) T.Karlsson, A Roos and C. Ribbing: Sol. Energy Mater. 11 (1985) 469.
15) R. Latz, K. Michael and M. Scherer: Jpn. J. Appl. Phys. 30 (1991) L 149.

16) B.L.Gehman, S. Jonsson, T Rudolph, M Scherer, M Weigert and R. Werner: Thin Solid Films
220 (1992) 333.

17) S.H Shin, J. H Shin, K. J. Park, T. Ishida, O. Tabataand H. H. Kim: Thin Solid Films 341
(1999) 225.

18) M. Muta, S. Ohgushi, Y. Matsuda and H. Fujiyama: Thin Solid Films 341 (1980) 221.

19) J. Smith, A. Aronson, D. Chen and W. Class: Thin Solid Films 72 (1980) 469.

20) R.N.Joshi, V. P. Singh and J. C. McClure: Thin Solid Films 257 (1995) 32.

21) 1. Baia, M. Qunitela, L. Mendes, P. Nunes and R. Martins: Thin Solid Films 337 (1999) 171.
22) W.Deng, T. Ohgi, H. Ngjo and D. Fujita: Appl. Phys. A 72 (2001).

23) H. Kimura, H. Watanabe, S. Ishihara, Y. Suzuki and T. Ito: J. Vac. Soc.Jpn. 30 (1987) 546 [in
Japanese].

24) A. Dietrich, K. Schmalzbauer, H. Hoffmann and J. Sczyrbowki: Thin Solid Films 122 (1984)
19.

25) D.B. Fraser and H. D. Cook: J. Electrochemical Soc. 119 (1972) 1368.
26) K. L. Chopra, SMagjor and D. K. Pandya: Thin Solid Film 102 (1983) 1.

27) H.Morikawa, H. Sumi and M. Kohyama: Thin Solid Films 202 (1996) 281.



